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Single-point diamond machining methods, namely diamond turning and 
shaping, are combined with a rapid replication technique known as soft 
lithography to develop an efficient and affordable fabrication process flow to 
obtain various types of liquid tunable lenses. The tunability of all of the liquid 
tunable microlenses developed in this project works on the same principle. 
Through the pumping of distilled water via micro liquid channels, the radius of 
curvature of a deformable membrane above a carefully designed optical 
surface can be adjusted, thereby acting as a tunable refractive lens.  
 
First, the diamond machining processes are explored on various types of 
substrate materials. Based on a few important considerations such as post-
machining surface quality, hardness, material compatibility with the diamond 
cutter, cost and availability, Polymethylmethacrylate (PMMA) is found to be 
the most suitable substrate material for diamond machining. Next, the main 
parameters of diamond turning, which include rotational speed of spindle, 
feedrate and depth of cut are chosen to be 1000 rpm, 0.1 mm/min and 5 µm 
respectively to obtain a suitably smooth optical surface without premature 
damage to the cutting tool.  
 
Next, the fabrication processes involving soft lithography with PDMS are 
developed and refined to ensure good surface quality and mold replica 
integrity. As determined by atomic force microscope (AFM) test results, the 
mean surface roughness of the diamond cut PMMA mold and the final PDMS 
replica are 36.5 nm and 13.1 nm respectively. Surface profiles of the replica 





Meanwhile, the optical surfaces of four different types of microlenses are 
designed in this work. Firstly, a diffractive/refractive hybrid lens is designed to 
reduce chromatic aberration in the visible range with an optimum focal length 
of 15 mm. Secondly, a double focusing lens that consists of a central and 
peripheral spherical surface with different radii of curvatures is designed to 
simultaneously give two lateral focal points. This type of lens could be used to 
process data from two positions at the same time to increase efficiency. The 
central spherical surface has a diameter of 2 mm and radius of curvature of 3 
mm while those of the peripheral spherical surface are 12 mm and 100 mm 
respectively. Thirdly, an aspherical lens is designed to reduce third order 
aspherical aberration at an optimum focal length of 20 mm. ZEMAX, an 
optical ray tracing software is used to simulate the required aspherical surface 
based on the optical properties of the lens materials and the surrounding 
medium. Lastly, by displacing the optical center of the diffractive Fresnel lens 
by a small distance, a toroidal lens is obtained. This toroidal lens can produce 
two traverse focal points that are close together. If those two focal points are 
close enough to be non-distinguishable, the toroidal lens can increase the 
depth of focus.  
 
The surface quality, integrity of the replicated molds and the optical 
performances of the four types of lenses are experimentally tested and 
verified. In addition, analysis and discussion of the results of each lens will 
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Chapter 1. Introduction 
1.1 Aim and Objectives  
The main objective of this project work is to develop a fabrication flow process that 
combines diamond machining techniques and soft lithographic replication processes 
to efficiently produce high quality liquid tunable microlenses. This would serve as an 
alternative to building optical systems that are more cost effective, compact and have 
expanded functionalities as compared to conventional systems that use multiple fixed 
focal length lenses. At the same time, it would also provide a convenient and reliable 
way for engineers to design and produce free-form optical surface reliefs that can 
have specific imaging properties.  
The fabrication process developed here should be able to fully utilize the versatile 
capabilities of ultrahigh precision diamond machining to fabricate 3-D rotationally 
symmetrical optical surfaces and accompanying necessary structural architecture to 
make a complete liquid tunable lens device. To demonstrate the feasibility of the 
fabrication flow process and the usefulness in applying the developed methods to 
improve numerous aspects of the imaging qualities of microlenses, this work also aim 
to include the fabrication and testing of the functionalities of a few different types of 
microlenses.  
The contents of this thesis are arranged as follow. First, a literature study on various 
types of microlenses, different diamond machining techniques and soft lithography 
are given. Next, the motivation in combining diamond machining and soft lithographic 
methods to fabricate liquid tunable microlenses is elaborated. This is followed by 
giving the general fabrication flow process that is applicable to all the different types 
of microlenses developed in this work. After which, the discussion on working 
material suitability and the fabrication parameters used during machining, soft 
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lithography are presented in detail. Based on the established fabrication method, the 
design of four different types of liquid tunable microlenses, each of them with specific 
imaging improvements from conventional tunable lenses, are discussed and 
analysed. Together, the results of their optical performances and surface 
characterization are presented. Finally, a few directions which related future work 
could be carried out are given in the concluding chapter.  
 
1.2 Microlenses 
In early designs of optical systems, it is common to use multiple bulky solid lenses 
which require mounting and painstaking optical alignment between each of them. 
And if the configuration within the optical systems needs to be modified, for zooming 
purposes for instance, one or more lenses to have to be shifted to change the 
relative distance between the optical components within the system. If a lens is bulky, 
especially if compound lenses are required for considerations like aberrations, 
moving them will need a large amount of power input and their response might be 
slow. As technologies advance, there seems to be a ceaseless drive to develop 
increasingly miniaturized devices. Since optical systems are omnipresent in a wide 
range of applications, which include fiber-optic communication networks, handheld 
medical devices, bio-imaging systems and consumer products like pocket cameras, 
there is a need to develop optical systems which have reduced complexities, higher 
performance, enhanced compactness and affordability. Thus, it is natural that bulky 
lenses are often replaced by microlenses.  
Owing to their sizes, microlenses can often be easily integrated in many important 
applications, which include wavefront sensing, laser shaping, confocal microscopes, 
endoscopes and miniaturised cameras in mobile phones, to achieve enhanced 





1.2.1 Liquid Tunable Lenses 
Despite the increasing sophistication in fabrication methods, fixed focal length 
microlenses is becoming insufficient to meet the demands of real-time acquisition of 
information, whereby the focal lengths of the lenses often need to vary dynamically. 
To address this concern, there are research groups that successfully used the 
property of variation of crystal orientation of liquid crystals in the presence of an 
electrical field to fabricate variable focusing microlenses [1]. The refractive index of 
liquid crystal is dependent on the crystal orientation which can be tuned by applying a 
potential applied across it. Liquid crystal cells are usually thin and lightweight, making 
them useful for fabricating compact optical devices. However, the low optical 
transmittance of thick liquid crystals and the polarisers that are necessary to ensure 
the incident light is parallel to the crystal orientation of the lenses result in low light 
efficiency. In addition, the response time of liquid crystal lenses, which is dependent 
on the thickness of the lens, tend to be long and could vary across the lens profile, 
such as in the case of convex or concave lenses. In addition to the fact that focal 
length tuning of the liquid crystal lenses is voltage frequency dependent, there could 
be potential problems implementing liquid crystal lenses in optical systems that 
demand high frequency response.  
 
Another actuation method of variable focusing microlens that requires an external 
voltage source is known as electrowetting on dielectrics (EWOD) [2, 3]. The surface 
tension and hence, the curvature of the liquid lens, is controlled electrostatically, 
giving rise to smaller response times. This type of liquid lens needs to be 
encapsulated in a liquid chamber, mainly to prevent liquid loss through evaporation 
and to ensure the lens remains optically aligned in the presence of external 
disturbances. The liquid for the lens and the liquid encapsulating it need to be well 
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matched in density in a certain range of working temperature. In addition, the former 
needs to be electrically conductive, while the latter insulating. The dispersion 
characteristics of each liquid needs to be considered, too, if the lens is an achromat. 
The proper design and control of two suitable liquids can be a time consuming 
process.  
 
To avoid the use of multiple liquids to achieve variable focusing microlenses, soft 
lithography could be utilised.  Commonly, a suitable substrate, such as SU8, is first 
lithographically patterned before subsequently used as a master mold for replication 
processes. Since PDMS, an elastomer, has excellent optical transmittance over a 
wide spectral range, it is often used as the material for replicas. Bio-optical sensing 
systems [4] and Shack-Hartmann wavefront sensors [5], among others, have been 
shown to benefit from microlenses fabricated using soft lithography.  
 
In 2003, Zhang et. al. published a work on a liquid tunable lens that consist of a 
PSMD liquid chamber sealed with a thin layer of PDMS [6] with accessible liquid 
channels. By tuning the hydraulic pressure applied through the pumping of liquid via 
the channels, the PDMS film bulges out in varying radius of curvatures, forming liquid 
lenses with varying focal lengths. Due to the high elasticity of the film, this liquid lens 
is able to achieve a high tunability of 131 mm. Both the design and actuation method 
of the lens design is simple and straightforward. There is a similar design published 
by Chen et. al. which consists of a similar liquid chamber. But instead of using a 
uniform thin film to seal it, the deformable seal has a profile of a convex lens [7]. The 
focal length of such a lens ranges between approximately 4 and 11 mm.  
 
Other than liquid tunable lenses that require the pumping in and out of liquid from an 
external reservoir, there are designs that work with a fixed volume of water in a 
completely sealed cavity. For example, the liquid tunable lens published in [8] makes 
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use of a fixed volume cavity with two non-overlapping deformable elastic membrane. 
One of it is an actuator, which can be deformed with a ball indenter, while the other is 
the tunable liquid lens. When the ball indenter compresses one of the elastic 
membrane, the liquid pressure is transferred to deforming the other liquid membrane, 
forming a variable focus convex lens. Another example of a fixed volume liquid 
tunable lens is published in [8]. The radius of curvature of the lens is tuned by varying 
the diameter of the annular sealing ring. Experimental results show that that lens has 
a focal length tunability of over 120 mm. 
 
1.2.2 Fixed Focus Microlenses 
Despite the increasing importance in dynamically tunable lenses, the development of 
fixed focus microlenses is also instrumental in the development of micro optical 
systems. One method of fabricating fixed focus lenses uses bulk machining 
techniques to selectively etch a boron doped silicon wafer to obtain microlenses [9]. 
The diffusion time and drive-in time during boron doping of the silicon wafer define 
the dimensions and, hence, the focal length of the microlenses. The process requires 
a temperature of above 10000C for approximately 20 hours. Thus it can be seen that 
this process is power intensive and specialized equipment is required. Furthermore, 
this method is not suitable for the fabrication of microlenses that have diameters 
greater than 50 um as their profiles tend to deviate from spherical shapes.  
In another published work, e-beam lithography was used to fabricate micro-sized 
Fresnel zone plate lenses [10]. Despite the fact that e-beam is a highly precise 
fabrication method, it limits the size of the lenses which can be fabricated mainly 
because it is not an efficient etching process. The lens which was fabricated has a 
diameter of 80 µm and the depth of the zone rings are only 110 nm tall. Because the 
height of the annular zone rings is too small, the focusing efficiency is too low to be 
tested in that work. Moreover, the efficiency of e-beam etching limits the diameter of 
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lens and it in turn limits the number of annular rings that can be accommodated 
within that diameter. The low number of annular rings in a zone plate lens results in 
low spatial resolution [11].  
 
Another way to fabricate microlenses is known as the photoresist thermal reflow 
method whereby micro-sized columns of photoresist is first lithographically defined 
before being heated to temperatures above their glass temperature to form dome 
shaped lenses under the influence of interfacial tension. The profile has to be 
transferred to the silicon substrate through another step of etching process. The 
characteristics of such microlenses have non-linear dependency on a number of 
fabrication parameters, such as thermal reflow temperature and time. Therefore it 
can be a tedious task to optimise all the fabrication parameters [12]. It is possible to 
eliminate the final step of transferring the pattern from the photoresist to the substrate 
by using photo-curable optical polymer instead of conventional photoresist in the 
thermal reflow method. With the use of micro-contact printing to form wettability 
patterns on substrate, the positions of individual microlenses can be defined [13]. 
One problem of this fabrication process is the difficulty to avoid contamination of 
water droplets on the microlenses, which can lead to unpredictable degradation of 
performance.  
 
In conclusion, it is apparent from the vast amount of work reviewed in this chapter 
that the development of novel fabrication methods to enhance the functionality and 
performance of microlenses are currently being actively pursued by research teams 




1.3 Machining Using Diamond Inserts 
1.3.1 Turning Using Diamond Tool
Single-point diamond turning is a high precision cutting process that uses a diamond 
tool tip controlled by an actuator to cut a free form surface on a rotating substrate. A 
schematic of diamond turning is shown in Figure 1.1.  A free form surface could be 
broadly understood as any continuous surface profile. The high precision of diamond 
turning is usually achieved by the use of piezoelectric actuators with various types of 
feedback control systems to minimize the error arising from both the slides and 
spindle systems in the machine [14-16]. 
 
 
Figure 1.1: A schematic on how diamond turning is carried out. 
 
Most commonly, diamond turning produces rotationally symmetrical profiles which 
the z-position of the spindle during machining is constant at a particular radius from 
the centre of rotation. In this case, translation of the cutting tool in the z-direction is 
just a function of x or y coordinates. The simplest example will be a spherical 




In cases when non-rotationally symmetrical profiles are required, such as a lens 
array or rectangular features, an additional parameter of time is required to define the 
z-coordinate of the cutting tool. This is because for a constant rotational speed, the 
rotational orientation will be known for any point of time. Since the angular position is 
controlled by high frequency response piezoelectric actuators, the system is also 
known as fast tool servo [17]. An alternative method to control the z position at a 
certain radius of cut is through the use of feedback response of mechanical slides, 
and this method is referred to as slow tool servo [18]. It should be noted that lens 
arrays composed of rotationally symmetrical elements are often encountered in many 
optical systems and they could theoretically be easily fabricated without the need to 
correlate time with the position of z but by varying the centers of rotation on the lathe. 
However, this functionality is often not incorporated in most diamond machining 
lathes. Hence, they are often considered to be non-rotationally symmetrical profiles 
as a whole. 
 
The main difference between diamond turning of miniaturized components and 
conventional turning of bulky components is that the small variations in surface 
profile needs to be suppressed as they might over-shadow the micrometer features 
important to the design. Because of this, a dual servo system, one which is used for 
coarse rectification over a long distance and one for high frequency error correction 
within a short distance, might be necessary [15]. With the advance of technologies, 
commercial diamond turning lathes can now have a precision of 1 nm, although it is 
common to have a lower precision of a few microns.  
 
However, those values could probably only be used as a coarse gauge as they are 
derived solely based on the control of the tool’s positioning. Situations in which 
precision is of utmost importance, the actual cutting precision ought to take into 
account of the material’s characteristics, such as the material’s viscoelasticity, 
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ductility range, crystallographic orientation, thermal response and chemical stability 
at elevated temperature. For example, when high feed rate and rotational speed are 
used during cutting, the point of contact is usually heated to temperatures high 
enough to cause significant local thermal expansion. More severe damage could 
result when the elevated temperature changes a ductile material into a brittle one, 
resulting in pits and cracks on the surface of the work piece. Sometimes the 
damaging effects do not just pertain to the substrate. High temperatures can 
encourage the substrate material to react with the diamond tool tip, damaging the two 
[19]. Therefore, it can be seen that the effectiveness of the control system of the 
machine, the chemical stability of the substrate material and working parameters, 
such as feed rate, rotational speed, depth of cut and dwell time need to be optimized 
if a high quality product is desired [20].  
 
The capability of diamond machining to produce smooth optical surfaces is not the 
only reason why it has been attracting global interest among researchers.  
• Firstly, its precise actuators make diamond turning a viable technique to 
fabricate miniaturized 3-dimensional (3-D) components with extremely small 
feature size. Photolithographic methods are unable to produce true 3-
dimensional features. By using a number of layers deposited on top of 
another, it approximates a 3-D object instead. The capability of micro 3-D 
objects is useful to many fields such as micro fluidic studies and optics.  
• Secondly, photolithography and etching methods are only suitable mostly on 
a selected few photoresist and silicon based materials, unlike diamond 
turning which can handle a wide range of materials, from polymers (e.g. 
acrylic) to metals (e.g. brass).  
• Thirdly, many materials that are too hard to be easily machined by 
conventional machining methods are able to utilize diamond machining 
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techniques, because diamond is such a hard material that it can abrade most 
others.  
• Etching techniques usually takes a very long time to remove a small volume 
of material while diamond machining, being a mechanical method, removes 
material much more efficiently, without compromising precision or surface 
quality. Seldom are etching methods used to fabricate features of sizes 
greater than a few tens of microns. In contrast, it is common to diamond turn 
features that have sizes in the millimeter range or above.  
• Another significant edge over photolithography that diamond turning offers is 
the possibility of fabricating features which sizes are not limited by the 
diffraction limit. Considering Rayleigh equation, 𝑅𝑅 = 𝑘𝑘𝑘𝑘
𝑁𝑁𝑁𝑁
 , in which R is the 
resolution, k a material constant that is dependent on the photoresist material, 
λ the wavelength of exposure radiation and NA the numerical aperture of the 
lens system used during photography, it can be seen that the finest 
dimension resolvable  in photolithography improves with the use of radiation 
of smaller wavelength.  
 
To obtain feature size of about 500 nm, UV light from an Hg lamp could be 
used. But to obtain feature size of below 100 nm, expensive advanced 
lithographic methods that utilize extreme UV, soft x-rays, focused ion beams 
or electron beams are needed. This leads to increasing production cost.  
 
On the other hand, diamond turning is a mechanical way of removing material. 
Considering the precision achievable with feedback control systems and 
advanced actuators, diamond turning could very probably produce structures 
with feature size that is comparable or smaller than those achieved in 
photolithography with relative ease.  
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• Lastly, the working material needs to be flat during photolithography. However, 
this is not a requirement in diamond turning, which could handle a curved 
platform.  
 
Despite the many attractive sides of diamond turning techniques, there are limitations 
to it, too. Firstly, the diamond tip is brittle and could be damaged if working 
parameters are not chosen carefully. The low feed rate and depth of cut, required to 
prolong the usage life of the diamond tool and to preserve the quality of the surface 
finish, often lead to long machining time. Secondly, since additional sophisticated 
computational tools are necessary to enable the turning of non-rotationally 
symmetrical surfaces, many designs to be fabricated on diamond turning lathes are 
restricted to rotationally symmetrical profiles. Thirdly, tool tip compensation becomes 
necessary especially when the features are micro sized and when a round tipped 
diamond insert is used. Tool tip compensation is necessary because a z-translational 
motion of the tool will result in a different contact point in x and y directions because 
of the contour of the tool tip. Since the diamond tool tip could wear out after long 
periods of usage, tool tip compensation needs to be monitored regularly. 
 
Diamond turning technique is often useful in fabricating optical components. For 
instance, it can turn refractive, reflective and diffractive lenses on various suitable 
substrates. And to reduce the effective fabrication time for each lens device, high 
precision diamond turning could be used to manufacture lens molds since the time to 
make a replica out of a mold is relatively shorter than the time to diamond turn lenses. 
Furthermore, unconventional mirrors arrays to be used in space studies/telescopes 
have high demands for curvature accuracy and surface finish and they have been 
successfully fabricated with diamond turning [21]. Another example of the 
applications of diamond turning is the fabrication of a special type of aspherical mirror 
known as Wolter type I mirror [22]. It is an optical element in a soft x-ray microscope, 
 12 
 
which is a valuable tool in cell studies due to its high resolution. Naturally, the mirror 
demands an extremely smooth surface and tight curvature tolerances for it to deliver 
the expected results. These requirements could be satisfied with the use of high 
precision diamond turning process.  
 
1.3.2 Shaping Using Diamond Tool 
Thus far, the only high precision diamond machining process discussed is the turning 
process. It is not the only viable process on the diamond machining lathe. Diamond 
shaping could also be utilized on the same machine. Unlike turning processes, 
shaping only involves relative translational motion between the diamond cutter and 
the substrate. During a shaping process, the substrate will not be rotating as the 
diamond-tip cutter plunges into the substrate and moves across it, thereby removing 
material. With the proper selection of working parameters, devices with surface 
quality that is comparable to that produced by diamond turning could be fabricated. 
This was demonstrated by a research group that used shaping instead of turning to 
fabricate lens array with aspherical lens elements [23]. Another research group used 
shaping to produce a profile of two intersecting lens [24]. Like 4-axes diamond 
turning processes, shaping is another option to fabricate non-rotationally symmetrical 





Figure 1.2: A schematic of how diamond shaping is carried out. 
 
1.3.3 Milling Using Diamond Tool 
In addition to turning and shaping, diamond milling is another branch of diamond 
machining that further enhances its versatility to produce a myriad of free form 
surfaces. In [24], it is reported that diamond milling can fabricate channels of different 
cross sections, from those with deep and narrow rectangular cross sections to those 
with V-shaped profiles. Although techniques like deep reactive ion etching (DRIE) 
and wet etching can also produce these types of channels, the smoothness and 
straightness of the sidewalls, uniformity of the structures across the substrate and the 
variability of the V-angle are much more difficult to control with those methods.   
 
1.3.4 Suitable Materials for Diamond Turning 
Like all other machining methods, material consideration is important in diamond 
turning. A set of working parameters should be tailored upon considering the 
substrate’s material characteristics so as to ensure high surface quality and tight 
dimension tolerances. Careful selection of material could also prevent premature 




To elaborate on the importance on material considerations, a few concrete examples 
will be highlighted.  
• If a high feed rate and high depth of cut is used on a brittle substrate like 
silicon, it is likely unsightly pits and cracks will appear on the final product. 
Instead, they must be kept sufficiently low such that cutting is at the ductile 
regime of the material [20].  
• Soft metals like unalloyed aluminum are often not preferable working 
materials because of the poor machinability. Soft metals might not be able to 
withstand the cleaning and handling processes that follows after machining. 
Thus, alloying is necessary to attain certain degree of hardness. 6061 
aluminum alloy, for example, may be a suitable material with good 
machinability for diamond turning. 
• In some other materials like pure nickel are unsuitable for diamond machining 
because they react chemically with the carbon in the diamond tool tip when 
the local contact temperature is high during cutting, causing tool damage. 
Thus, the material has to be modified with suitable alloying metals that can 
suppress this chemical reaction. NiP, TiN, NiSi and NiTi are some examples 
of nickel alloys that can prevent that thermally activated chemical reaction 
[19]. 
 
Apart from the materials mentioned above, metals like oxygen free copper (OFC) and 
brass [24], as well as non-metals like Polymethylmethacrylate (PMMA) [23, 25] have 
excellent machinability and thus, they are often choice materials to be diamond 
turned on.  
 
Despite the good machinability of all these materials, it is often impractical to 
compose entire devices out of those materials, especially if they are bulky structures. 
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Firstly, a device may need to be composed of lightweight material due to its 
application. Secondly, it would not make economical sense to have entire devices 
made of alloys like TiN because they are expensive. Thirdly, since the diamond 
turned device could be a part of an integrated system, the suitable material of the 
other parts of the device might differ from that region that is to be diamond-turned. 
Deposition of machinable metals on selected regions on the device is one plausible 
solution that addresses those concerns. There have been extensive published work 
that explored the deposition of Ni-P alloy on various substrates materials and its 
machinability [26-29]. The Ni-P alloy chemically deposited on structures in baths 
containing Ni salts and reducing agents is termed as electroless nickel (EN). From 
these reports, it can be concluded that with the right selection of working parameters, 
diamond turning on EN can give excellent surface finish. Since EN adheres well only 
to a few materials such as aluminum, the surface of the device needs processing 
prior to EN deposition. However, sometimes this might not always be feasible due to 
material incompatibility.  
 
1.3.5 Alternatives to Diamond Turning 
In this work, diamond turning techniques are being employed mainly to produce 
continuous surface relief that can produce spherical and aspherical profiles of 
variable radius of curvatures, blazed gratings and perpendicular walls. Thus, it would 
be good to have a look at alternative fabrication techniques that can produce similar 
profiles and give a brief assessment on the strengths and weakness of each method.  
 
Staircase phased binary optical components are approximates of those that have 
smooth parabolic zone profiles, which could theoretically have 100% efficiency if 
optical absorption is insignificant [30]. The greater the number of staircase steps, n, 
the better the approximation and the higher the diffraction efficiency. Thus fabrication 
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methods to produce binary optical components are often useful in realizing diffractive 
optics. Each time n is doubled, two binary masks must be aligned before exposure. 
Usually, the efficiency will be close to 80% for n=4.  
 
This might be a very straight forward fabrication method and standard 
photolithography equipment is sufficient to carry out this process. However, there is 
likelihood in a loss in dimensional accuracy as alignment error increases with every 
time the binary masks are aligned. This will lead to a decrease in diffraction efficiency. 
Thus, it is difficult to obtain a high performance 3-D diffractive optical element with 
this method. 
 
There is a research team that modified the above-mentioned method to produce 
various structures with sloping walls. Instead of letting the mask be stationary, the 
team put the mask in continuous motion during exposure. There are many factors 
that need to be taken into consideration, including light propagation characteristics 
and variation in refractive index across the depth of the thick photoresist. The 
complexity makes it difficult to accurately design a set of working parameters to 
obtain a certain topology [31]. 
 
Another well-established method that has been commonly used to fabricate sloped 
profiles like blazed gratings is the use of gray scale masks [32, 33]. Instead of using 
an opaque mask that essentially blocks all radiation from reaching the photoresist, a 
gray scale mask that has varying opacities to regulate the amount of radiation 
passing through it. The sloped profiles obtained on the photoresist will be transferred 
to the substrate after etching.  
 
As compared to the fabrication process to produce staircase phased binary optical 
components, the use of gray scale masks requires just a single exposure-etching 
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process. However, there are tedious calibration steps that must be performed prior to 
the actual etching process. The calibration step is to determine the relationship 
between optical density of the mask and the thickness of the photoresist required. 
Only after the calibration can a gray scale mask be custom made. The high cost of 
the calibration plate and gray scale masks is one of the major drawbacks of this 
method. A gray scale mask that is less than 20 mm2 costs about S$2000 while the 
calibration plate costs about S$5000.  
 
Alternatively, it is possible to use electron beam (e-beam) lithography to create 
continuous sloped profiles, as reported in [34, 35]. E-beam has high resolution and is 
able to create a continuous surface relief. However, e-beam writing takes a long time 
to complete as it writes on the substrate pixel by pixel. Therefore, it will not be an 
attractive option if large areas and depths need to be processed.  
 
Having discussed about methods to fabricate profiles with slopes, it is also important 
to look at fabrication techniques to produce vertical walls. Vertical structures with 
high aspect ratio could conventionally be fabricated using reactive ion etching (RIE) 
or deep reactive ion etching (DRIE). Structures with 30:1 aspect ratio was reported in 
[36]. The roughness of the walls increases with the depth of etching, with roughness 
reaching 1000nm. The presence of undercutting is common too [35]. Despite the 
high aspect ratio achievable, DRIE is seldom able to cut depths of more than 500 µm.  
 
1.4 Soft Lithography   
Diamond turned profiles have very tight dimensional tolerances, with surfaces often 
of optical quality. Therefore, they could serve as ideal molds for optical components. 
In many ways, direct replication of optical components from high quality molds is 
superior to methods which rely heavily on polishing to obtain smooth optical surfaces. 
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Polishing often requires the use of suitable chemicals coupled with abrasive agents 
to smoothen a surface. Different material and surface features require a different set 
of polishing agents, method and duration. To figure what is most suitable, it might 
take numerous tests, which would incur a significant amount of time and cost. 
Moreover, it is very likely that these polishing processes alter the dimensions and 
curvatures of the profiles to a certain extent, even if all the process parameters are 
optimized. The unpredictability of this alteration due to its process-dependent nature 
compromises the performance of those optical components. In contrast, diamond 
machining of optical molds requires no post machining surface processing and the 
tight dimensional tolerances can be preserved.  
 
There are a number of replication techniques that could be used to obtain equally 
high quality replicas. Replication is the key to efficient mass fabrication of structures 
of highly controlled dimensions and surface quality, bringing the effective cost and 
time of fabrication per device low. The most common techniques can be broadly 
categorized into two, namely soft lithography and injection molding.  
 
Soft lithography refers to a number of branches of techniques that uses a patterned 
elastomer as a mold, mask or stamp [37]. Those branches include replica molding 
[38], micro-transfer molding [39] and micro-contact printing [40], among others. The 
branch of soft lithography that is most applicable in this work is replica molding. 
Therefore, the two terms are used interchangeably in this work. In replica molding, a 
patterned negative master mold will be used to replicate a positive replica, usually 
with a curable elastomer that will be peeled off once fully cured. It is also common 
that the end device requires two cycles of soft lithography and in this case, the 




In [37], it is reported that replication molding through soft lithography could generate 
features as small as 30 nm. Thus, soft lithography would still be up to task to 
replicate 3-D topologies that have extremely fine features and there should be no 
worry that those intricacies might not be faithfully replicated. Because of this high 
fidelity in transferring fine features on 3-D topologies from the mold to replicas, this 
working process is highly compatible with diamond turning, which major strength also 
lies in producing intricate 3-D topologies.  
 
One of the most common materials encountered in replica molding is 
Polydimethylsiloxane (PDMS). It has a high transmittance over a wide spectral range, 
especially in the visible range where the optical loss is almost 0 dB/cm [41]. In 
addition, PDMS is inexpensive, easily accessible, is safe to use without any potential 
serious health hazards and could be thermally cured at temperatures below 1000C. 
This makes PDMS a very suitable material for rapid-prototyping of optical 
components such as lenses.  
 
Among the components fabricated with PDMS soft lithography is a 2-D lens array 
that could be stacked to make an optical diffuser [38]. Various types of tunable 
optical lenses have also used this technique as part of their fabrication process [5-7]. 
Apart from that, soft lithography has been useful in realizing micro-fluidic systems 
with active valves and pumps [42] and micro-channels that can be used on lab-on-
chips [43]. The variety of devices that has benefited from the development of the 
technique of soft lithographic underlies its importance and reliability in the field of 
micro/nano fabrication and precision engineering. 
 
In spite the widespread usage of PDMS in soft lithography, there are a few other 
materials that have been successfully explored. For one, epoxy was used in the 
replication of a Woltzer type I mirror [22, 44]. In that process, a layer of gold is 
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deposited on the surface of the master mold to serve as a parting agent to ease the 
process of thermal-assisted release of replica. Sol-gel used on a PDMS mold, was 
also reported to be applicable to nano-replication processes [45]. In the liquid form, 
sol flows and fills the topologies on PDMS mold easily because both are hydrophobic 
in nature. Upon drying, the sol transforms to hydrophilic gel. Thus, it can be released 
from the hydrophobic PDMS mold easily when that occurs. The released gel-like 
structure turns into glass upon annealing at 6000C. 
 
Apart from replica molding, injection molding was also developed to realize mass 
fabrication of micro structures [46, 47]. This method could use plastics that include 
high density polyethylene (HDPE), PMMA and polypropylene (PP). It is easy to 
obtain replicas that have high aspect ratio but the down side of this method is that it 
is not easy to find the optimized injection pressure, mold temperature and injection 
time, among other working parameters, for each different polymer of a certain aspect 
ratio. When not optimized, the surface quality of the structures will be seriously 
undermined. This poses a tricky problem when a structure containing features of 
different aspect ratios are to be injection molded.  
 
Thus far, a literature study on diamond machining and soft lithography is presented. 
They are the two fabrication techniques that are used for all the tunable opto-fluidic 
devices developed in this work. However, it should be noted that the concept of 
combining those two fabrication techniques for tunable opto-fluidic devices was not 
conceived in a direct manner. Instead, it was arrived at that idea after numerous 
explorations numerous alternatives. In the next chapter, some of the important 
experimental results obtained in the course of exploration shall be detailed before the 
fabrication methods which are deemed the most viable and suitable for tunable opto-
fluidic devices are described. After which, the designs and experimental results 
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pertaining to the various devices that made use of the fabrication techniques 



























Chapter 2. Fabrication Methods 
2.1 Motivation Behind Using Diamond Turning and Soft 
Lithography 
It is well established that high precision diamond machining techniques are able to 
fabricate 3-D free form surface relief that are valuable in the field of optics. One of the 
initial sources of motivation to explore diamond turning techniques in our work comes 
from being able to fabricate blazed surfaces of a Fresnel lens to achieve a theoretical 
100% optical efficiency. That could provide a much better alternative to lithography 
and etching techniques which could typically only fabricate low efficiency stepped 
profiles unless expensive grey scale masks are used. However, diamond turning a 
diffractive lens with a fixed focal length will not fully demonstrate the value of 
integrating diamond turning techniques in the making of optical components.  
Therefore, as opposed to simply diamond turning a lens on a rigid substrate to 
produce a fixed-focus lens, a tunable lens, which focal length could be dynamically 
controlled, would better demonstrate the potential of applying such a technique to a 
large field of optics engineering. Focal length tunability could be achieved by 
combining a rigid diamond turned lens with another simple tunable refractive lens. 
Each time a different type of rigid diamond turned lens is paired with a tunable 
refractive lens, a different tunable lens system could be produced. The rigid diamond 
turned lens could be, among many other possible examples, a Fresnel lens, a double 
focusing lens, an aspherical lens and diffractive toroidal lens.  
The subsequent task is to develop fabrication methods to realise such a tunable lens 
system in a cost and time efficient manner. The most simple and basic single tunable 
lens is one that uses liquid pressure to deform an elastic film. If the film is bonded to 
a circular boundary, the deformation will take on a spherical dome shape. The radius 
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of curvature will depend on the magnitude of the pressure. That, in turn, determines 
the focal length of the liquid filled lens. This is illustrated in Figure 2.1.  
 
 
Figure 2.1: The higher the liquid pressure, the smaller the radius of curvature of the 
deformed film that is bonded to a substrate with a circular opening. 
 
If a rigid fixed-focus lens profile could be integrated on the bottom of a cylindrical well 
and the opening of the well could be covered with an elastic film, a tunable lens 
system could be realized with ease. The height of the cylindrical well will be the 
distance separating the rigid lens and the tunable lens. Since the amount of 
deformation of the elastic film is to be controlled by liquid pressure, there need to be 
liquid channels to deliver water to the cylindrical well. In addition, the material of the 
device has to be transparent to allow light to pass through the lens profile at the 
bottom of the lens cavity and the water-filled refractive lens. Based on these 





Figure 2.2: General design of the liquid tunable lens device consists of a lens cavity 
with a lens profile at the bottom surface and a deformable film bonded over it.  
 
One of the most common materials used in opto-fluidic devices that are transparent 
and elastic is PDMS. Therefore, it is possible to have a thin film of PDMS bonded 
over a diamond turned PMMA structure to obtain the proposed liquid tunable lens 
device. However, it is not known how to bond PDMS with PMMA. On the other hand, 
it is common to use oxygen plasma for PDMS-glass or PDMS-PDMS bonding.  
 
Even if it is assumed that PDMS could bond well with the diamond turned PMMA, 
every time a new device is needed, a new one has to be diamond turned on PMMA 
which is a rather time consuming process. Instead, rapid prototyping would be a 
more attractive option for engineering applications. It has been demonstrated by 
various research teams that a rapid mold replication process, known as soft 
lithography, can replicate intricate features down to the nanometre range with high 
accuracy. Thus, it has become clear that soft lithography has to be applied on 
diamond turned PMMA structures. This is because by doing so, it would be possible 
to get the best of both worlds offered by high precision diamond machining to 
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fabricate 3-D structures with excellent surface quality and the rapid prototyping 
technique to achieve high fabrication efficiency.  
 
If soft lithography is to be applied to the diamond turned mold once, such that the 
replica obtained will resemble the structure shown in Figure 2.2(a), an invert of that 
has to be diamond turned. This means two protruding ridges have to be fabricated on 
the diamond machining lathe, which is difficult to achieve. Shaping can only produce 
recessed liquid channels and not protruding ridges. As a result, the fabrication flow 
process is modified to have two cycles of soft lithography instead of one. In this case, 
the diamond turned mold will look exactly like the required structure and not the 
inverted structure.  
 
2.2 Overview of Fabrication Process 
Based on the example of a liquid tunable diffractive/refractive hybrid lens that can 
minimized chromatic aberration, the general fabrication process that has been 
discussed in the preceding section will be discussed in greater detailed in this section. 
The exact same fabrication flow can be applied to other liquid tunable lenses 
developed in this work, which are namely double focusing lens, aspherical lens that 
can reduce spherical aberration and diffractive toroidal lens that can increase the 
depth of focus. The only difference is the lens profile that is diamond turned on the 
bottom surface of each cylindrical lens cavity, which determines the different 
functionality of each different lens device proposed. A summary of the fabrication 





Figure 2.3: With images of the cross sections of the lens device at each stage of 
fabrication, the steps necessary to fabricate a liquid tunable diffractive/refractive 
hybrid lens are shown. This fabrication flow is common to all other liquid tunable lens 
devices developed in this work. 
 
The diffractive/refractive hybrid lens is a structure that consists of parts having 
dimensions that range from a few microns to a few millimetres. In addition, the 
annular rings of the Fresnel lens have varying aspect ratios. If this kind of structure is 
fabricated by etching techniques, the largely varying dimensions may make process 
optimisation very difficult. Diamond turning easily overcomes this problem. 
Furthermore, in the context of this work, diamond turning is able to achieve a cutting 
depth of more than 700 μm and wide diameters easily. The maximum cutting depth is 
determined by the geometry of the desired profile and the size of the diamond tip on 
the cutting tool. The capability of removing large amounts of material efficiently while 
being able preserving high precision and surface quality makes diamond turning 
techniques more suitable for fabricating micro optical structures. Another notable 
advantage especially relevant to the hybrid lenses is that all the features to be 
created on the substrate are machinable consecutively on the diamond turning 
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machine, which implies that the features share a single machining reference point. 
As a result of the elimination of multiple reference point, the optical centres of the 
Fresnel lens and refractive lens, which is defined by the centre of the cylindrical lens 
cavity, are automatically aligned. This does away the need for tedious manual 
alignment of the two lenses. It also eliminates human error that would inevitably be 
introduced during manual alignment of the lenses.  
 
2.3 Diamond Machining of Mold  
With reference to Figure 2.3, each fabrication step shall be discussed in greater 
detail, starting from step 1. One of the most pressing issues to address at the initial 
stage of the project is deciding the best material to work on to provide a viable way to 
improve the fabrication process of diffractive optical elements. As the literature 
survey of the diamond turning work carried out by research teams show, there are a 
number of substrates that have been explored with diamond machining techniques. 
Depending on the applications, design and the availability of complementary 
fabrication tools, there are different substrate materials that can be taken into 
consideration. The process of arriving at the material of choice of this work shall be 
described. 
 
2.3.1 Exploration of Diamond Turning on Electroless Nickel 
Among the literature reviewed are a number of research works that were performed 
on the Toshiba-ULG-100A ultra-precision machine available in the Advance 
Manufacturing Laboratory in the engineering faculty of National University of 
Singapore. Figure 2.4 shows a photograph of the lathe and Figure 2.5 is a close-up 
view of the diamond tool insert and vacuum chuck that will hold a workpiece during 
turning process. The holder which moves the diamond tool inset has a precision of 
±10 nm in the three orthogonal directions. Much extensive experimental work with 
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favourable results has been performed on EN (section 1.2.4). Circular micro-grooves 
with excellent surface roughness of 4-6 nm were reportedly turned on the EN-coated 
disks [26]. The material properties of EN, being a Ni-P alloy, could be changed by 
varying the percentage of P present. Naturally, phosphorous content is important in 
determining the quality of surface finish of the diamond turned product. 1-5 wt% of P 
is known as low-P, 5-8 wt% mid-P and above that will be high-P. In a series of 
experiments performed on EN-coated metal disks as reported in [48], it is suggested 
that EN with a phosphorous content of 9 – 10 weight % is the most ideal material for 
obtaining a smooth surface finish with diamond turning. These results suggest that 
diamond turning is able to satisfy some of the most important requirements of a micro 
diffractive optical element, which are, namely, a smooth surface and high machining 




Figure 2.4: A photograph of the entire diamond machining lathe. On the left is the 
computer system where the programming codes are entered while on the right is the 
part of the machine which handles the cutting. That part is covered with plastic 





Figure 2.5: A photograph shows the vacuum chuck and the diamond cutting tool on 
the lathe while not in operation. 
 
These findings led to the search for places where EN plating can be carried out. 
There was no available resource for such a process in the University at the period of 
time the work was ongoing. Thus, industrial plating services were employed. It was 
chosen to do EN-plating on silicon wafers instead of other metallic materials to 
explore the possibility of combining EN plating with conventional silicon machining 
processes.  
 
Two different types of wafers were handed to the company for EN plating. One of the 
wafers is covered with patterned with photoresist as it would be useful to find out if it 
is possible to EN-coat selective areas on a silicon substrate. The other silicon wafer 
is clean and new. The plating rate is about 3 µm/h and therefore, it would be 
impractical to request a thick layer to be plated on those wafers. A 30 µm layer of EN 




As it turns out, the result of the EN plating was not encouraging. Firstly, the 
photoresist did not hold up well in the aggressive acidic salt baths. The patterns were 
destroyed and the plated EN coating peeled off easily, as shown in Figure 2.6. From 
the layer of EN that was peeled off, it was clear that the plating was not uniform and 
flaky. It is plain to see that it is not feasible to plate the silicon wafer on selective 
regions using this method.  
 
 
Figure 2.6: (a) A photograph of how the silicon wafter which was layered with 
patterned photoresist looked like after EN plating. (b) A picture of the uneven and 
flaky layer of EN that peeled off easily from the wafer.  
 
In contrast, the clean wafer was EN plated much more beautifully. With unaided eyes, 
the surface appeared rather smooth, uniform and well-adhered to the wafer. However, 
under an optical microscope, there were many tiny pores on the surface which seem 
to suggest that the plating process was not optimised and the coating was porous. 
Nevertheless, a circular well of 10 µm depth was diamond turned on the EN-coated 
surface. 1000 rpm spindle speed, 0.5 mm/min infeed and crossfeed rate were 
chosen. A round-tipped diamond tool was used for the test cut and the 10 µm deep 
cut was done in a single cut. Images under the optical microscope verified that the 
layer is porous and thus, it would be impossible to obtain an optically smooth surface 
from such an EN layer, even with different cutting speeds. The conditions of the 
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surface of the EN layer before and after diamond turning are shown in Figure 2.7 (a) 
to (d).  
 
 
Figure 2.7: (a) The surface of a chip that was cut from an EN-plated wafer appeared 
rather smooth and even with unaided eyes. (b) A diamond turned surface of the EN-
plated silicon chip. (c) Under an optical microscope, the surface of a diamond-
trimmed EN layer shows presence of pores. (d) The EN layer is clearly porous as 
shown on the diamond turned profile. 
 
It is known that the quality of plating can be improved by adding a seed layer to 
enhance adhesiveness. Aluminium and copper are the most commonly used seed 
layers for EN plating. Hence, coating the wafers with a thin layer of either metal might 
help reduce the undesirable porosity. It is also very likely that some of the EN plating 
process need to be modified to improve the compatibility with silicon material. 
Unfortunately, because this is an industrial process, it would be difficult to do further 
tests with modified process parameters or salt bath to improve the quality of EN 





2.3.2 Exploration of Diamond Turning on SU8 
The next material that was explored was SU8, which is a type of photoresist that can 
be spin coated on silicon wafers or glass plates. The thickness of the film can be 
easily controlled by the spinning speed and time. It is not difficult to reach 100 µm or 
more of SU8 thickness. Nevertheless, like EN plated substrates, SU8 coated work 
pieces present their own set of problems.   
 
SU8 is a photoresist and thus, it is sensitive to light, especially UV light. After spin 
coating a layer of SU8 on a clean glass plate, a UV lamp can be placed above it to 
expedite the curing process. During this curing process, the layer of SU8 changes 
from transparent to yellow. A longer exposure time results in deeper shades of 
yellows. Subsequently, the SU8 coated glass plate will be left overnight in an oven of 
650C to complete the curing process. It was observed that if UV light was not used to 
cure the SU8 layer, so as to avoid its colour change, the photoresist takes a very 
long time to cure, sometimes as long as a few days. Furthermore, when taken out of 
the oven, the light from the surroundings changes its colour to a dark shade of yellow. 
At this point, it is evident that SU8 itself will not be suitable to be used as a 
transmissive optical element, even if diamond turning works beautifully on that 
substrate. However, it might still be able to act as a reflective lens surface if a 
reflective metal layer can be deposited on the machined surface.  
 
Apart from the colour change, it was also observed that curing of an initially uniform 
layer of SU8 in the oven often resulted in the edges to be creased, as shown in 
Figure 2.8(a). This seems to be due to non-uniform surface tension close to the 
edges of the glass plates and possibly volume changes that comes from the curing 
process. This phenomenon is more apparent when thick layers of SU8 of more than 




After SU8 was fully cured, it is ready to be diamond turned. As the vacuum chuck can 
only hold a workpiece firmly if the surface in contact with the chuck is trimmed flat 
and covers the vacuum holes on the chuck completely. This requires the workpiece 
to be 10 cm in diameter. The glass plate is too small to be directly held by the 
vacuum chuck. Therefore, it has to be secured on a machined metal disk with 
industrial wax before being diamond turned. Since the melting point of the wax is 
700
Figure 2.8
C, the SU8 had to come in contact with the heated metal disk and wax. This 
triggered another round of material change in the SU8, causing it to darken visibly. 
After the workpiece was cooled to room temperature, it was secured on the vacuum 
chuck to proceed with diamond turning. A piece of diamond turned SU8-coated glass 
plate that is secured on a metal disk is pictured in  (b). 
 
 
Figure 2.8: (a) Creases are evident at the borders of the cured SU8 layer on a glass 
plate. (b) A SU8-coated glass plate is secured on a metal disk to enable it to be held 
by the vacuum chuck on the diamond turning machine.  
 
Because of the creasing on the SU8 surface, trimming has to be done to obtain a flat 
reference plane before turning the intended features. SU8 is a much softer material, 
as compared to metals. Because of this reason, a much greater depth of cut could be 
achieved without chipping the cutting tool. A diffractive lens with 6 µm deep blazed 
annular rings was turned on the SU8 layer using the same machining speeds as that 
used on the EN-coated wafers. Optical microscope images of the results are shown 
in Figure 2.9. The close up view of the blazed rings shows that the surface is far from 
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smooth. Minute surface tearing probably due to high local temperatures resulted in 
an uneven surface. It is likely that there will be significant optical loss due to the 
surface scattering, causing degradation of optical performance.  
 
 
Figure 2.9: (a) A close up view of the surface of blazed annular rings diamond turned 
on SU8. (b) An overview of the structured which consists of eight rings. 
 
After diamond turning, the glass plate has to be detached from the metal disk by 
melting the wax it was in contact with. Multiple rounds of heating and cooling, from 
curing in the oven to detaching of the SU8-coated glass plate on a hotplate, seemed 
to make SU8 turn into a brittle material. Occasionally, it would peel off from the glass 
plate. When that happened, the SU8 film appeared warped and it cracks easily. This 
is apparent in Figure 2.10 which shows SU8 films that were detached from the glass 
plate.  
 
Because of the poor surface quality produced by diamond turning and the material 
instability to heat and light, it seems that it is not viable to diamond turning optical 
lenses on SU8. Its sensitivity to light makes it unsuitable as a material for 
transmission optical elements while the poor surface quality makes it unsuitable to 
act as reflective optical elements even if it can be coated with reflective metals. 
Although different cutting speeds could be experimented to try to improve the surface 
quality, not much work was continued in that direction as it is clear that the problems 
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of peeling and developing uneven surfaces after curing are not easy to overcome. 




Figure 2.10: Pieces of diamond turned SU8 came detached easily from 
glass plates. They appear warped, brittle and cracked. 
 
2.3.3 Exploration of Diamond Turning on PMMA 
While experiments with SU8 were ongoing, alternatives were being explored as well. 
As mentioned in the literature review, a few research teams have done diamond 
turning on PMMA pieces with favourable results achieved. And since PMMA is 
affordable and accessible, diamond turning was tested on PMMA pieces, too. To 
avoid having to heat up the PMMA pieces to stick it to a bigger disk with wax and risk 
warping it, 10 cm diameter, 3 mm thick PMMA plates are purchased. Upon purchase, 
they are already machined flat and smooth on both sides, making them easy to be 
held firmly on the vacuum chuck of the diamond turning machine. In this sense, 
PMMA can be handled much more easily than SU8. 
 
Starting with the machining parameters used for earlier works with EN and SU8, the 
resulting surface was visibly rough. After trying diamond turning with different work 
parameters, it was found that a smooth surface was producible with a small feed rate 
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of 0.1 mm/min, a small depth of cut of 5 µm and a high turning speed of 1000 rpm. 
The surface that was turned could be so smooth that, with unaided eye, it appeared 
to be just as transparent as the uncut regions, free of cracks that often give PMMA its 
white translucent appearance. Due to its high transparency, pictures of the diamond 
turned PMMA plates were not taken. 
 
After finding out a suitable set of machining parameters could be used to obtain a 
smooth optical surface on PMMA, the material is selected to be the most suitable 
mold material for diamond machining to take place on. The same parameters could 
be used to obtain different types of PMMA molds with different integrated lens 
profiles. 
 
2.3.4 Discussion of Selection of Tool Tip and Machining Processes 
 
 
Figure 2.11: The cross-section of the device to be diamond machined on a PMMA 
substrate. 
 
From Figure 2.11, it is apparent that diamond machining needs to produce vertical 
walls as well as slopes of varying gradient. Thus, the diamond cutter must be 
selected to such that its geometry is compatible with the cutting of such a profile. It is 
known that the efficiency of the Fresnel lens decreases if the edges of the zone rings 
are not sharp. If round-tipped cutters are used, the rounded corners results in 
shadowed regions which lowers efficiency [49]. Considering that and the fact that the 
angles of the slopes on the Fresnel lens are smaller than 450, a cutting tool with a 00-
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450 facet-cut single crystalline diamond tip is a suitable choice. It is purchased from 
Osaka Diamond Industrial Co., Ltd at a price of S$495. An image of the tip of the 
diamond tool is shown in Figure 2.12. A Toshiba-ULG-100A ultra-precision machine, 
which has a repeatability of ±10 nm, was used to fabricate all the devices in this work.  
 
 
Figure 2.12: An optical microscope image of the 00-450
 
 facet-cut single crystalline 
diamond tool tip.   
After selecting the suitable workpiece material and the cutting tool, a computer 
numerical controlled (CNC) program needs to be generated. That requires the 
generation of data points of the profile which are simply the Cartesian positions of 
any point on the profile. The cutting tool will move linearly between each data point 
provided. Although, in principle, these discrete data points could only produce an 
approximate continuous profile which is a result of many small linear cutting motions, 
the quality of the device could still be excellent if sufficiently dense data points are 
entered for non-linear regions of the profile.  
 
In addition to entering programs to define the cutting paths, other machining 
parameters need to be defined, too. Two different cutting procedures are required to 
fabricate the lens system on a PMMA plate, namely turning and shaping. The cutting 
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parameters for each of those procedures have to be chosen with care so as to be 
able to achieve good surface quality while preserving the tool’s life.  
 
The most important parameters include infeed rate, cross feed rate, spindle speed 
and depth of cut. The chosen parameters are tabulated Table 2.1.  
 








Depth of cut 
(µm) 
Turning 5  5.0 (for rough cut)   0.1 (for final cut) 1000 5 
Shaping 150 150.0 0 5 
 
 
Turning process is used to fabricate a deep lens cavity and the Fresnel lens profile at 
the bottom face of it. The well is approximately 150 µm deep and therefore, it is not 
possible to cut the entire structure in a single plunge-cut procedure without damaging 
the diamond tip. Considering that PMMA has a surface Vickers hardness of 
approximately 280HV and the diamond tip is a 450 sharp tip that can chip easily, the 
depth of cut was maintained at 5 µm. The bigger the depth of cut, the more stress 
load imposed on the diamond tip and the more likely it is damaged prematurely. To 
prevent that from happening, the lens cavity is cut in steps, each time removing a 
layer of 5µm of material. This depth is also referred to as depth of cut. This process 
repeats itself until the entire lens cavity is cut out. An illustration of the progressive 





Figure 2.13: The features of the device are cut progressively in steps of 5 µm until 
the desired depth is reached. 
 
A slow crossfeed rate is necessary to achieve a good surface finish. For optical 
purposes, a satisfactory surface finish can be obtained when the crossfeed rate of 
0.1 mm/min was used to the profiles of the Fresnel lens and the cavity which they 
were recessed in. However, because the surface finish depends only on the final 
cutting step of the repetitive cutting cycle, the crossfeed rate was set to be 0.1 
mm/min only for the last cut while it could be set at a much higher speed of 5 mm/min 
for preceding steps. This helped to reduce machining time and to speed up the 
fabrication process. To ensure good surface quality, a low crossfeed rate has to 
couple with a high spindle speed as both conditions are essential in producing a 
glossy and smooth surface finish. For this reason, 1000 rpm spindle speed was used.  
 
In contrast to the lens surface, there was no requirement for the surface finish of the 
water channels since their sole purpose was to transport fluid to the lens chamber. 
Therefore, even if the high crossfeed rate of 150 mm/min during shaping process 
caused the walls of the water channels to be very rough, it was an acceptable speed. 
Moreover, the high speed did not do perceptible damage to the diamond tool tip, 




As opposed to crossfeed rate, the infeed rate does not have a significant effect on 
the surface finish and they are chosen to be 5 µm/min and 150 µm/min for turning 
and shaping processes respectively.  
 
Before the diamond machining process commences, precise zero-point referencing 
of the cutting tool with respect to the workpiece is required because subsequent 
cutting paths relies on this reference point. Thus, this step is crucial in ensuring the 
accuracy of the dimensions of the device being machined.  
 
After zero-point referencing, the lens cavity with Fresnel lens profile at the bottom 
surface is diamond turned using the machining parameters stated in Table 2.1. When 
that is completed, the chuck stops rotating and the shaping of the liquid channels 
starts immediately after. It should be noted that since turning and shaping 
commenced one after the other without releasing of the workpiece from the vacuum 
chuck, they share the same machining referencing point. Similar to the turning of lens 
cavity, the two liquid channels are shaped in steps of 5 µm until the desired depths 
have been reached. Shaping allows non-axis-symmetric rectangular features to be 
produced on the diamond turning lathe.  
 
When the fabrication of lens cavity and liquid channels on the diamond cutting lathe 
is completed, the PMMA workpiece is released from the chuck. A photograph of a 
completed PMMA mold is shown in Figure 2.14. After cleaning with water-diluted 
alcohol and isopropyl alcohol (IPA), the PMMA plate is ready to be used as the 
master mold for subsequent soft lithography processes. PDMS is the choice material 
for soft lithography processes because it has good optical transmission properties 
over a wide spectral range, from near ultraviolet to near infrared. Soft lithography 
processes are performed in a 100 k cleanroom. A clean environment prevents 





Figure 2.14: A photograph of a diamond turned lens and two shaped liquid channels 
on a piece of clear PMMA plate.  
 
2.4 Soft Lithography  
To prepare for soft lithography in step 2, PDMS pre-polymer is first prepared using 
Dow Corning Corp’s Sylgard 184 silicone elastomer by mixing the base and curing 
agent in a 10:1 volume ratio. The curing agent has a Pt based catalyst that adds the 
SiH bonds across the vinyl groups forming Si-CH2-CH2-Si linkages necessary for 
solidification.  After thorough mixing, the mixture is degassed in a desiccator and 
poured onto the PMMA master mould that had been cleaned with diluted isopropyl 
alcohol (IPA) beforehand. The pre-polymer was then placed in an oven for a 
minimum of 2 hours where it was fully cured at approximately 65 0C. With the help of 
a little IPA, the inverse master mould was released from the PMMA substrate.  
 
It is commonly known that PDMS shrinks upon curing. This could lead to distortion of 
surface profile which is detrimental to the performance of the end product. Although 
the actual dynamics of this is not thoroughly understood, there are a number of 
research work done to obtain the empirical relationship between PDMS shrinkage 
and a number of process parameters during curing of PDMS, such as the thickness 
of PDMS, mixing ratio of base and curing agent, baking temperature and baking time 
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[50-52]. Since the PDMS inverted mold has a certain required thickness, what could 
be controlled to enhance the fidelity of the soft lithography process are the selection 
of mixing ratio and baking temperature while the baking time has to be selected 
appropriately according to those two parameters. Generally, a lower baking 
temperature and mixing ratio would result in minimal shrinkage [50]. Because of this, 
the baking temperature is set to be 650C such that it can be fully cured in a 
reasonably short period of two hours. Furthermore, the percentage shrinkage for 
devices with sizes that are in the range of millimetres is typically about 1 to 2%. Thus, 
with the set of parameters used for this work, soft lithography is expected to be of 
high reliability and the surface profile would not be significantly degraded. This is 
verified in the later section of experimental results.  
 
Subsequently in step 3 of the fabrication process, a new volume of pre-polymer that 
is prepared in the same way as abovementioned is poured onto the fully cured 
inverse PDMS master mould. However, this pre-polymer was released after curing in 
the oven for 30 minutes, instead of the minimum 2 hours required for complete curing. 
Although the pre-polymer has not completely cured after 30 minutes, it has solidified 
and would retain its shape even after its release from the PDMS mold. The main 
reason for the early release of the PDMS lens device from the PDMS mold is to 
prevent the two from forming strong bonds at the contact surface. Not only will that 
hinder the release, forcefully separating the two would compromise the surface 
quality. After releasing, the semi-cured PDMS device will be returned to the oven to 
allow it to cure to completion.  
 
2.5 Oxygen Plasma Bonding 
In step 4, a thin PDMS diaphragm has to be bonded to the PDMS structure 
fabricated in step 3. Since the PDMS film has to deform under a uniform liquid 
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pressure, the mechanical properties of PDMS prepared in the manner would be of 
interest. Some important mechanical characteristics of PDMS are tabulated in Table 
2.2. The values given in the table are only valid for PDMS that is produced by mixing 
ratio of 10:1. Other mixing ratios will result in different mechanical characteristics.  
 
Table 2.2: Physical properties of fully cured PDMS that is produced by mixing 




The diaphragm has to be prepared separately on a silicon wafer. A small amount of 
degassed pre-polymer is spin-coated on a silicon wafer at a speed of 1000 rpm for a 
minute. The spinning speed of 1000 rpm typically produces a film of about 70 µm to 
be deposited. The higher the spinning speed, the thinner the resulting PDMS film. 
After making sure the layer of PDMS is free of unevenness or air bubbles, it is 
transferred to an oven to cure.  After complete curing, the film will be ready to be 
bonded to the PDMS structure fabricated earlier.  
 
Oxygen plasma process replaces the hydrophobic methyl groups (-CH3) on PDMS 
surface with hydrophilic hydroxyl groups (-OH). Upon contact between two plasma-
treated surfaces, condensation reaction results in the formation of –Si-O-Si- bond. 
That reaction leads to permanent bonding between the processed PDMS surfaces 
under elevated temperatures. Similarly, oxygen plasma enables bonding between 
PDMS and glass surfaces. That is the general principle of oxygen plasma which is 
used to bond the PDMS film and blocks of liquid tubes holders to the PDMS structure, 
and subsequently, the structure to a thin glass plate. The plasma-bonded structures 
Physical Properties of PDMS 
Young's Modulus  
(MPa) Poisson Ratio Refractive Index 
3 0.49 1.41 
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need to be kept in the oven for at least two hours to facilitate the chemical reaction 
and to ensure tight bonding. With this, the fabrication of the tunable Fresnel lens is 
complete.  
 
Having thoroughly described the fabrication process, the focus now turns to the 




















Chapter 3. Liquid Tunable Diffractive/Refractive 
Hybrid Lens 
 
3.1 Introduction to Diffractive Optical Elements and 
Achromatism 
Diffractive optical elements (DOE) introduce controlled phase delay on an incoming 
optical wavefront. By fabricating a surface relief with varying surface height to control 
the optical path delay introduced at each point on the DOE, the phase distribution 
across the wavefront that reaches the DOE could be modified. Potentially, it could 
engineer any arbitrary wavefront from an incoming source with this method. With the 
engineering of optical wavefronts comes the possibility of transforming light into 
complex patterns and manipulating optical paths. This has an immense application 
potential in many fields of technologies. DOE are also valued for their high focal 
depth. However, as compared to refractive lenses, diffractive lenses have lower 
diffraction efficiency because a large portion of incident light either goes to the 
undiffracted 0th order or higher diffraction orders. This leaves little optical power in the 
first diffraction order, the order that is to be utilized in most applications. Neverthless, 
DOE are indispensible in modern technologies. The following are few examples of 
the applications of DOE. 
• Diffraction grating is a spectral dispersion element that can be used in 
spectrometers. There are ruled and holographic diffraction gratings. Ruled 
diffraction gratings can be fabricated with the use of RIE or DRIE and the 
resolution depends on the patterned mask used. On the other hand, 
holographic diffraction gratings are produced by recording the interference 
patterns of two light beams on a suitable photoresist. Generally, the resolution 
is superior to RIE/DRIE etching methods.  
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• Many MEMS-based optical scanners use diffraction gratings as the scanning 
component. Out-of-plane scanners are limited to low frequency scanning due 
to mechanical deformation at high speeds while in-plane scanners are able to 
avoid that problem [53].  
• Fresnel zone plates and Fresnel lenses are diffractive focusing optical 
elements often used on laser light. Among numerous applications, this 
functionality is important in input/output signal processing devices, x-ray 
optics integrated in synchrotron light facilities and in medical instruments that 
are used in micro-surgery [10, 30, 54-56].  
 
The widespread usage of DOE in optical systems that can be integrated in many 
commercial products indicates its versatility to take a large range of designs that best 
suit the needs of the applications. However, emphasis will be given to focusing 
Fresnel lenses because it is part of the design of the liquid tunable 
diffractive/refractive lens hybrid lens to be discussed in later parts of section 3.1.  
 
Fresnel lens has a unique property of having strong negative dispersion qualities. 
Dispersion is a wavelength-dependent phenomenon that leads to light of different 
wavelengths to be refracted at different angles, implying a material’s refractive index 
to be wavelength-dependent as well. Because of this, the focal lengths of light are 
different for different wavelengths, giving rise to what is known as longitudinal 
chromatic aberration. This phenomenon impairs an optical system’s imaging qualities 
and thus, achromatic condition, a state where chromatic aberration is cancelled, is 
desirable.  
 
Qualitatively speaking, an optical element which bends light of a longer wavelength 
more than light of a shorter wavelength is said to have positive dispersion and vice 
versa. In both cases of positive and negative dispersion, there is chromatic 
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aberration due to the different focal spots of light of different wavelength. This 
phenomenon is illustrated in Figure 3.1. Abbe number is a measure of a material’s 
dispersion properties. Thus, lens made of different material with different Abbe 
number will have different dispersion strengths.  
 
 
Figure 3.1: (a) Diffractive Fresnel lens has negative dispersion and red light focuses 
closer to the lens than blue light. (b) Refractive lens has positive dispersion and red 
light focuses further away from the lens than blue light. The different focal spot of 




To achieve achromatic condition for two designated wavelengths, the following 











where f is the focal length, Φ is the power, and V is the Abbe number of the lens.  
 
We can infer from the equation that there are basically two properties of lenses which 
we can exploit to create an achromatic optical system. By noting that conversion and 
diverging lenses have focal power of opposite signs, appropriate assembly of these 
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two types of lenses could lead to minimized chromatic aberration at the two 
wavelengths of interest.  
 
Alternatively, optical elements with opposite signs of Abbe number could be coupled 
in a system to cancel chromatic aberration. This is when the unique property of 
Fresnel lens’ negative dispersion qualities is useful in negating the positive dispersive 
power of refractive lenses. It should be noted that the Abbe numbers of refractive 
lenses are material dependent and it is always positive in the visible wavelength. 
Contrastingly, the Abbe number of diffractive Fresnel lens is independent of its 
material and it is negative.  
 
Very often, lenses with different focal power and composed of materials with different 
Abbe number are used to create an optimised achromatic optical system. For 
example, a doublet comprising 1.) a high power converging lens with large Abbe 
number and 2.) a low power diverging lens with small Abbe number is often used to 
correct chromatic aberration for 2 colors. Crown glass ( V ~75) and flint glass ( V ~25) 
could be used for such a purpose. A pictorial representation of an achromatic doublet 




Figure 3.2: An achromatic doublet that comprises a crown glass convex lens and a 





Apart from satisfying the achromatic condition, there is another important 
consideration in a lens design, which is the total power of the lens system. Assuming 












Assuming two lenses are used in a certain achromat and solving equations Eqs. (1) 
and (2),  
 
 





𝜙𝜙2 =  𝑉𝑉2𝑉𝑉2−𝑉𝑉1  𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑    
(4) 
 
Conventional lens, which is a simple refractive lens, always have a positive Abbe 
number. Therefore, considering Eq. (1), if only refractive lenses are used, both 
converging (𝜙𝜙 > 0) and diverging (𝜙𝜙 < 0) lens are required to form a conventional 
achromat.  
 
On the other hand, the Abbe number of a diffractive lens is negative. Thus, both the 
diffractive and refractive lens elements in a hybrid doublet can have positive optical 
power to cancel chromatic aberration. As a result, considering Eqs. (3) and (4), the 
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power of the diffractive and refractive lens elements are lower than the total required 
power of the system. Following that is a reduction in radius of curvatures, size, 
weight and cost of production. It makes it easier to miniaturize optical systems and 
put to commercial use.  
 
What has been outlined is a simplified methodology in designing an achromat that is 
able to cancel chromatic aberration at two different wavelengths. This means, 
theoretically, the focuses of the two designated wavelengths is at an exact spot while 
the focus of nearby wavelengths differs slightly. Nevertheless, the chromatic 
aberration within that range is reduced as a result.  
 
It is not possible to completely cancel chromatic aberration for the entire spectrum. 
However, the achromatism could be improved with designs that cancel chromatic 
aberration at three or more wavelengths. This would require a triplet achromat or 
more complex optical systems. Those designs are not within the scope of discussion 
in this work.  
 
3.2 Calculations and Design of Liquid Tunable 
Diffractive/Refractive Hybrid Lens 
The main objective of the design of the proposed liquid tunable diffractive/refractive 
lens is to produce a compact achromat that can cancel longitudinal chromatic 
aberration at two different wavelengths at a certain focal point. It should also be 
easily tunable over a large focusing range. 
 
An overview of the device is shown in Figure 3.3(a). The tunable double lens consists 
of two parts, namely 1.) a thick PDMS substrate which houses a cavity with a double 
lens profile at the bottom surface and two liquid channels and 2.) a thin PDMS 
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diaphragm bonded on top of the substrate that seals the lens cavity. As distilled 
water, the chosen working liquid in this work, is delivered through the liquid inlet, it 
fills the lens cavity and exits through the liquid outlet. After the lens cavity is fully filled 
with no trapped air bubbles, the liquid outlet will be closed and subsequent injection 
or extraction of water will be done through the inlet. As water is injected, it will 
eventually cause the diaphragm to deform elastically into a spherical dome shape. 
This constitutes the tunable refractive lens. Its diameter is defined by the 
circumference of the lens cavity and the degree of deformation is dependent on the 
amount of liquid pressure exerted. As the curvature of the refractive lens changes, 
the focuses of the hybrid lens changes simultaneously. This design of liquid tunable 
lenses enables achromatization with only a single liquid. This greatly reduces the 
complexity of the lens setup and fluid control system, thereby offering significant cost 
savings. The entire lens device, apart from the liquid tubes, is made of PDMS 
because of its excellent optical transmission properties. Thus, light can be 
transmitted easily, even if the PDMS substrate is thick. The approximate dimensions 





Figure 3.3: (a) An overview of the liquid tunable diffractive/refractive hybrid lens 
device at non-operating state. (b) General dimensions of the device are given on the 
mid cross-sectional view. 
 
 
In the initial step of designing the hybrid lens, the dispersion characteristics of 
distilled water, which is the material of the refractive lens, have to be studied.  
The dispersion characteristic of distilled water could be describe by the empirical 
Sellmeier equation [58], 
 
𝑛𝑛2 = 1 +  𝐶𝐶1𝑘𝑘2
𝑘𝑘2 −  𝐶𝐶2  +  𝐶𝐶3𝑘𝑘2𝑘𝑘2 −  𝐶𝐶4  + 𝐶𝐶5𝑘𝑘2𝑘𝑘2 −  𝐶𝐶6  + 𝐶𝐶7𝑘𝑘2𝑘𝑘2 −  𝐶𝐶8  
(5) 
 
where λ is the wavelength of light, n the refractive index and C the various constants. 
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At a temperature of 20 0C, the constants are as follow, 
C1 = 5.684027565 E-1 
C2 = 5.101829712 E-3 
C3 = 1.726177391 E-1 
C4 = 1.821153936 E-2 
C5 = 2.086189578 E-2 
C6 = 2.620722293 E-2 
C7 = 1.130748688 E-1 
C8 = 1.069792721 E1  
With these figures, the dispersion graph can be plotted.  
 
Figure 3.4: Graph of refractive index against wavelength shows the dispersion 
characteristics of distilled water at 200C. 
 
Next, the most suitable overall Fraunhofer D line (λ = 589.2 nm) focal length of the 
hybrid lens has to be determined by looking at how the focal lengths vary within the 
range of wavelengths during operation of the hybrid lens. The visible spectrum (λ = 
400 nm to λ = 700 nm), will be the spectrum of interest.  
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Let the overall D line focal length of the hybrid lens be denoted as fdesired.  
[58] Abbe number of Fresnel lens, 𝑉𝑉𝑑𝑑𝑖𝑖𝑓𝑓𝑓𝑓 =  −3.452. 
[58] Abbe number of distilled water,  𝑉𝑉𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖 𝑣𝑣𝑑𝑑 =  55.74. 
 
From Eqs. (3) and (4), the focal lengths of the diffractive and refractive lens element 
of the hybrid lens at D line could be calculated as follow: 
 








Subsequently, using Sellmeier equation given in (5), the focal lengths of the 
diffractive and refractive lens element of the hybrid lens at any wavelength could be 
calculated. 
 










Since the thicknesses of the lenses are small compared to the focal length, thin lens 
approximation can be used to calculate the resultant focal length of the hybrid lens at 
a certain wavelength. 
 1
𝑓𝑓ℎ𝑦𝑦𝑦𝑦𝑑𝑑𝑖𝑖𝑑𝑑 ,𝑘𝑘 =  1𝑓𝑓𝑑𝑑𝑖𝑖𝑓𝑓𝑓𝑓 ,𝑘𝑘 + 1𝑓𝑓𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑣𝑣𝑑𝑑 ,𝑘𝑘  
(10) 
 
Having established the mathematical relationship between focal length of the hybrid 
lens and wavelength, the next step would be to do a similar calculation for the focal 
length of a conventional single refractive lens.  
 
𝑓𝑓𝑑𝑑𝑖𝑖𝑛𝑛𝑠𝑠𝑙𝑙𝑑𝑑  𝑙𝑙𝑑𝑑𝑛𝑛𝑑𝑑 ,𝑘𝑘 =  �𝑛𝑛𝑤𝑤𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑 ,𝐷𝐷 𝑙𝑙𝑖𝑖𝑛𝑛𝑑𝑑 −  1𝑛𝑛𝑤𝑤𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑 ,𝑘𝑘 −  1 �𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑  
(11) 
 
After comparing the wavelength-dependence characteristics of a hybrid lens and a 
conventional refractive lens, it is found that the design is optimal if the overall D line 
focal length of the hybrid lens is at 15 mm. The graphical representations of the 





Figure 3.5: A graph of focal length against wavelength for a hybrid lens and a 
conventional single refractive lens at (a) 10 mm, (b) 15 mm, (c) 20 mm, (d) 25 mm D 
line focal length.  
 
 
Based on the calculations above, some of the parameters of the hybrid lens are set.  
 
• Overall D line focal length of the hybrid lens, 1
𝜙𝜙𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑
=  15.0 mm.  
 
• 𝑓𝑓𝑑𝑑𝑖𝑖𝑓𝑓𝑓𝑓 =  1𝜙𝜙𝑑𝑑𝑖𝑖𝑓𝑓𝑓𝑓 = 257 𝑚𝑚𝑚𝑚 
 
• 𝑓𝑓𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑣𝑣𝑑𝑑 =  1𝜙𝜙𝑑𝑑𝑑𝑑𝑓𝑓𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑣𝑣𝑑𝑑 = 15.9 𝑚𝑚𝑚𝑚 
 
This means that if the Fresnel lens is designed to have a focal length of 257 mm and 
when distilled water is pumped in to obtain a refractive lens of focal length 15.9 mm, 
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the hybrid lens will be able to cancel out chromatic aberration at two wavelengths, 
namely 486.1 nm and 656.3 nm, which are the Fraunhofer F and C lines respectively.  
 
Subsequently, the dimensions of zone rings of the Fresnel lens have to be calculated 
based on the selected focal length of 257 mm and source wavelength of 589.2 nm 
(Fraunhofer D line). 
 
In the calculations, the following symbols are used: 
λ = source wavelength  
npdms = refractive index of PDMS = 1.41 
nw = refractive index of distilled water = 1.33 
nair = refractive index of air = 1 
ho = height of the edges of the zone rings of the Fresnel lens 
h = profile height within the zone rings 
m = Fresnel zone number 
f = focal length of diffractive lens 
r = distance from a point of the surface relief of the diffractive lens to the focal point 
Rm = radius of the zone ring of a certain zone number 
 
For constructive interference, the optical path lengths (OPL) of light that crosses the 
diffractive element must have a difference of 2π. Therefore, to calculate the height of 
the Fresnel rings, the aforementioned principle about OPL is applied at the edge of 
each zone rings and the center of the lens. 
 2𝜋𝜋
𝑘𝑘






 ℎ𝑜𝑜 =  𝑘𝑘𝑛𝑛𝑝𝑝𝑑𝑑𝑚𝑚𝑑𝑑 − 𝑛𝑛𝑤𝑤 = 7.365 µ𝑚𝑚  
 
The width of the zone rings of the Fresnel lens varies across the diameter and the 
radius of those zone rings have to be calculated. Since the optical path difference of 
the optical rays from the outer edges of adjacent annular rings to the focal point has 




2 + 𝑓𝑓2�1 2⁄ −  𝑓𝑓� 𝑛𝑛𝑟𝑟𝑖𝑖𝑑𝑑 = 𝑚𝑚𝑘𝑘 
 




The radius of curvatures of the annular rings of the diffractive Fresnel lens within 
each annular ring is calculated by the radius of curvature of an equivalent spherical 
lens that has a focal length of 257 mm. The mathematical relationship between the 
radius of curvature of the spherical lens, R, and the required focal length can be 
expressed as  
 






A representative zoom-in view of the resultant Fresnel lens showing just the first 4 





Figure 3.6: An enlarged view of the first four zone rings. 
 
The lens cavity determines the number of Fresnel zone rings that can be 
accommodated and the diameter of the refractive lens. The separation between the 
Fresnel lens and the refractive lens is about 150 µm, which is the depth of the lens 
cavity. The water channels are 80 µm wide. They have to be kept sufficiently narrow 
to minimize the effect they have on the boundary conditions of the refractive lens and 
ensure the elastic deformation of the PDMS film remains spherical. 
 
3.3 Experiments and Results: Testing of Surface Quality with 
AFM and White Light Interferometry 
The surface condition of the tunable hybrid lens is a big factor in determining its 
optical performance. When an optical component has a surface roughness that is 
comparable to the wavelength of the incident light which it operates with, the optical 
performance will be significantly impaired as the surface variations interferes with the 
propagation of light in an undesirable way. Therefore, it is important to investigate the 
surface conditions of the diamond turned PMMA master mold and the PDMS devices, 
especially after two cycles of soft lithography. Atomic force microscopy (AFM) is used 
to obtain local surface roughness for a small area that spans only 10 x 10 µm2 while 
white light interferometry is used to obtain an accurate surface profile of more than 





Figure 3.7: 3- and 2-D AFM images of the surfaces of a (a) diamond turned PMMA 
master mold, (b) a PDMS mold obtained after one cycle of soft lithography and (c) a 









Table 3.1: Values of mean surface roughness of various components obtained from 
AFM tests. 
Object Diamond turned PMMA 
PDMS mold after 
1 cycle of soft 
lithography 
PDMS mold after 





36.5 5.8 13.1 
 
 
3-D images of AFM results are displayed at the left of their corresponding 2-D 
images in Figure 3.7 while values of their average surface roughness are tabulated in 
Table 3.1. Using the turning speeds listed in Table 2.1, the resulting surface of 
diamond turned PMMA substrate has a mean surface roughness of 36.5 nm, much 
better than what could be achieved by lithography and etching methods. This surface 
finish is considered very good as the surface irregularities have dimensions that are 
on average smaller than 10% of the shortest wavelength to be used during operation. 
Thus, it is deemed suitable for optical use, even by the stringent standards 
demanded of optical components. However, the surface is still less smooth than 
surfaces reportedly achieved in other published work [48]. However, as discuss 
earlier, the surface finish is simultaneously dependent on many factors including the 
substrate material, turning speeds and geometry of the cutting tool. It is possible that 
the working parameters are not adjusted to optimal values that need to take into 
account the unique combination of the facet cut geometry of the cutting tool and non-
crystalline PMMA material structure. To the best of the author’s knowledge, most of 
the published work limits the discussion to the trends different aspects of surface 
qualities pertaining to certain geometry of the diamond tool and the empirical results 
are obtained from experimental work on metallic substrates. Thus, there is no 
published result which could be used as a reference to the combination of tool tip and 
substrate material required in this work. Carrying out experiments to find out the 
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optimal machining parameters on PMMA substrate with the 450 facet-cut tool tip 
takes a great amount of work and would be beyond the scope of this work. Instead, 
the general trends of the working parameters derived on experiments performed on 
metallic substrates are considered. For example, with reference to [48], it is known 
that within the range of 0 – 10 µm cutting depth, the surface roughness of the 
metallic surface does not vary much. In addition, it is also established that the higher 
the feedrate, the higher the surface roughness. The relationship between surface 
roughness and spindle speed is less straightforward as the trend is not mono-
directional. Surface finish improves dramatically only beyond a certain spindle speed 
of approximately 500 rpm. Guided by these results, experiments are carried out to 
find out a set of machining parameters that give a reasonably good optical surface 
finish, assuming those general trends stand true for plastic materials and metal alike. 
Since a sharp facet-cut tool tip is substantially more vulnerable to damage than one 
with a round-tip and PMMA is more brittle due to its amorphous nature, the required 
machining parameters tend to be much more extreme than what was tested in [48].  
 
Another interesting observation is that surface roughness values of the PDMS mold 
and PDMS lens device are both substantially smaller than that of the diamond turned 
PMMA structure. That could be partly due to the different modes used to test rigid 
PMMA structures and soft PDMS replicas. Contact mode is used to test PMMA 
surfaces since it is rigid and it is not likely that the material has stiction forces that 
can significantly impede the AFM cantilever from traversing the surface. On the other 
hand, PDMS is a polymer that is rather elastic and sticky which gives rise to stick-slip 
motions when the cantilever tip moves across the surface. This phenomenon will 
result in patchy extraction of data. To overcome this problem, tapping mode is used 




In addition, it is observed that the surface roughness of the second PDMS mold is 
lower than the first, and both are tested using contact mode. The reason for this 
decrease in surface roughness is believed to be associated with the fabrication 
method during the second cycle of soft lithography. As it is mentioned that the 
second cycle of soft lithography is performed by pouring pre-cured PDMS on a fully 
cured PDMS mold, there are concerns regarding if the two would bond to each other 
permanently since they are of the same material. If that happens, the replica would 
not be able to be released from the PDMS mold. To avoid such a problem, the PDMS 
replica is released from the mold after 30 minutes of heating when it starts to solidify 
but before it is thoroughly cured. This helped in easing the release process but it also 
allowed the possibility of minute surface reflow on the partially cured replica when it 
is returned to the oven to cure. Although this would not alter the crucial dimensions 
such as those associated with the zone rings of the Fresnel lens, it might result in a 
slightly smoother surface. 
 
After testing the local surface roughness with AFM, it is also important to look at the 
overall surface profile. This would help to determine if the blazed surfaces of the 
diffractive lens are smooth and if the annular zone rings are accurately spaced and 
have a uniform height throughout the entire lens structure. These have a direct effect 





Figure 3.8: A screen shot of the data captured by a Zygo white light interferometer. It 




Figure 3.9: Extracted information from white light interferometer gives this 3-D plot of 






Figure 3.10: (a) and (b) shows the cross-sectional profile of the zone rings at inner 
and outer regions of the Fresnel lens respectively. The varying spacing between 
annular rings and uniform height shows that the features on the lens device adhere 
well to design.   
 
Non-contact and swift white light interferometry is carried out on a PDMS Zygo 
White-Light 3D Surface Profiler. Because PDMS are extremely transparent, it is 
difficult to test the surface with white light interferometry if there is no additional 
reflective coating on the PDMS structures. Thus, a thin layer of gold is evaporated on 
the top surfaces of the PDMS structure before testing. Figure 3.8 shows a screen 
shot of the information generated by the program used to process the data captured 
by the surface profiler. The results in Figure 3.8 are associated with a representative 
portion of the surface of the diamond turned Fresnel lens on PMMA substrate. Apart 
from 3-D surface plots, the cross-sectional view associated with the straight line 
drawn on the 3-D surface plot is obtained. It gives a clearer graphical representation 
of the surface quality on the blazed surfaces of the zone rings. Overall, it is verified 
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that the diamond turning produces intricate features accurately with good surface 
qualities, despite having gone through two cycles of soft lithography. A 3-D plot of the 
entire Fresnel lens that has 21 annular rings is given in Figure 3.9 
 
Further tests are carried out to compare the zone rings at the central and peripheral 
regions of the lens the results are shown in Figure 3.10 (a) and (b) respectively. 
Firstly, it is apparent that the heights of the Fresnel rings are remarkable uniform 
across the large diameter of the lens. Secondly, the spacings of the rings are 
increasingly closely spaced towards the peripheral regions, demonstrating the 
reliability of diamond cutting once again.  
 
3.4 Experiments and Results: Focal Length Tunability 
To test the usability of the fabricated tunable hybrid lens, the variation of focal length 
with injected volume of water was studied using a position sensitive detector (PSD) 
and lasers of two different colors, namely, green (λ = 532 nm) and red (λ = 632.8 nm). 
A schematic of the experimental setup is shown in Figure 3.11.   
 
 





Using simple geometry, the focal length of the hybrid lens is derived as follows: 
 
𝑓𝑓 =  𝐷𝐷𝛥𝛥𝑌𝑌2
𝛥𝛥𝑌𝑌1 + 1    
(15) 
 
For each focal length measurement, D is fixed and a beam of collimated light is 
passed through the hybrid lens near the centre. Subsequently, the beam of light is 
shifted a fixed distance of ΔY1, which is set to be 200 µm. Taking the difference in 
PSD readings for these two positions and converting them to the equivalent distance 
shifted on the PSD, the focal length could be derived using Eq. (15). Experimental 
results for green light are shown in Figure 3.12. It can be seen that the focal lengths 
of the hybrid lens are tunable to a minimum of 10mm, with approximately 20 mm 
change in focal length achieved. 
 
Similar experiments are performed on a tunable conventional lens. It is structured 
exactly like the tunable hybrid lens except a flat surface replaces the Fresnel lens 












Figure 3.13: Graph of green light focal length of conventional lens against injected 
water volume. 
 
Comparing the four graphs, it can be seen that there are discrepancies between the 
two sets of results for injected volumes of water corresponding to certain focal 
lengths. As chromatic aberration is not able to account for the systematic error of 
approximately 7 mm, the error is likely to be caused by inaccurate judgement of the 
point where there is no deformation of the diaphragm. This could be the result of 




Although the focal lengths of the conventional and hybrid lens using green and red 
light are measured, the setup using PSD is not precise enough to detect the 
chromatic aberration, much less to determine if the hybrid lens is able to minimize the 
chromatic aberration. Therefore, another method needs to be used to measure 
changes in focal lengths that are in the range of a few tens to a few hundreds of 
microns. When such precision is needed, interferometric techniques are often up to 
task. Because of the ease of setup and resistance to external environmental 
disturbances, cyclic lateral shear interferometer is used for the purpose of measuring 
the small distances between green and red light focuses.  
 
3.5 Introduction to Lateral Shear Interferometry  
Lateral shearing interferometry has been used in the testing of optical components 
and the study of flow and diffusion phenomena in gases and liquids, among other 
fields. It is possible to obtain a number of useful information about the incident 
wavefront in a single lateral shear interferogram. For instance, the extent of defocus, 
tilt and various aberrations, such as coma, astigmatism, spherical aberrations could 
be qualitatively inferred from a lateral shear interferogram. Quantitative evaluation is 
also possible with suitable mathematical models and signal processing instruments. 
Besides that, interferometers are very sensitive instruments and they are able to 
detect even minute variations in the wavefront. It is mainly because of these two 
reasons, lateral shear interferograms are used in the investigation of chromatic 
aberration in this work.  
 
There are many types of lateral shear interferometers and they vary in the 
arrangements used to obtain interferences patterns. For example, there are 
configurations based on Mach-Zehnder interferometer, Michelson interferometer and 
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cyclic interferometer. They all make use of beam-dividing surfaces that splits an 
incoming light source into beams of different amplitudes before interfering with each 
other as they converge. Beam dividers divide the amplitude of the incident wavefront 
but they do not affect the shape of the wavefront. Therefore, information about the 
incident wavefront will be preserved and observed after interference. Alternatively, 
there are types of lateral shearing interferometers that make use of interference 
between different orders, usually the zeroth and the first order, of a diffracted beam 
as aberrations of the original wavefront are preserved as long as the diffraction angle 
is not too big.  
 
Next, the principle of lateral shear interferometry shall be briefly explained. Generally, 
what is taking place in a lateral shear interferometer is that an incoming defective 
wavefront is split into two different paths. One of the beams is then displaced by a 
small amount with respect to the other beam. Subsequently, these two beams of light 
will be directed to converge and interfere, producing an interferogram. How the 
lateral shear is obtained depends largely on the shape of the wavefront. If the original 
wave has a planar wavefront, lateral shear can be obtained by lateral displacement in 
its own plane. How the incident wavefront deviates from a planar wavefront will be 
observed in the interferogram.  
 
At this point, it will be useful to introduce some mathematical expressions that can be 
used to obtain a better appreciation of the information that can be extracted from the 
interferograms. The incoming light is assumed to be collimated which implies the 
wavefront is planar.  
 
First and foremost, the wavefront error can be denoted as W(x, y). If the wavefront is 
sheared in a certain direction i.e. x-direction, by a small amount, S, then it can be 
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approximated that  �𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿
� 𝑆𝑆 =  𝛥𝛥𝛿𝛿 = 𝑛𝑛𝑘𝑘  [59]. Because accuracy increases while 
sensitivity decreases as S decreases, the amount of shear to be used must balance 
the need for both. 
 
Some commonly faced errors that can be present in an optical system, even before 
the incident ray hits the sample to be tested, include defocus and tilt. This could 
occur if the light is not well collimated and it did not hit the interferometer 
perpendicularly. These should be eliminated before inserting the test lens into the 
optical system, so that the interferogram will only contain information that is of 
interest, which is the performance of the test lens. One of the most often encountered 
errors that is introduced by the test lens is spherical aberration. Primary spherical 
aberration can be expressed as 𝛿𝛿(𝛿𝛿,𝑦𝑦) =  𝑁𝑁(𝛿𝛿2 +  𝑦𝑦2)2 . Thus the equation 
corresponding to the shearing interferogram is 𝛥𝛥𝛿𝛿 = 4𝑁𝑁(𝛿𝛿2 + 𝑦𝑦2)𝛿𝛿𝑆𝑆 = 𝑛𝑛𝑘𝑘, if defocus 
and tilt are ignored.  
 
Figure 3.14, Figure 3.15 and Figure 3.16 are pictures of lateral shear interferograms 
at various positions in the vicinity of the focal spots without the presence of tilt, in the 
presence of tilt and in the presence of spherical aberration respectively [59]. Without 
spherical aberrations, the interferograms are composed of straight lines. Without tilt, 
the focus is detected when the overlapping region of the two circles is uniformly 
illuminated. Sometimes this is difficult to detect, especially when shear is introduced 
manually, because any slight offset from the focus, either towards the inside or 
outside the focus, will result in similar interferograms that consist of vertical straight 
lines. Therefore, sometimes a small amount of tilt is introduced as it is easier to track 
when the tilted lines of the interferogram have become horizontal at the focal point. In 
the presence of spherical aberrations, curved lines and even rings will be observed in 
the interferograms. Inside the focus, the lines are closely packed with a slight bulge 
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at the centre region. As it approaches the focal point, the central fringe extends to its 
widest. Beyond the focal point, rings start to appear within the central fringe. The 
greater the spherical aberration, the greater the density of the rings for a certain 
offset from the focus, assuming the shearing remains constant. Increasing the shear, 




Figure 3.14: Pictures of lateral shear interferograms for (a) inside the focus, (b) at the 




Figure 3.15: Pictures of lateral shear interferogram for inside, at and outside the 





Figure 3.16: Pictures of lateral shear interferograms for (a) inside the focus, (b) at the 
focus and (c), (d) outside the focus in the presence of primary spherical aberration. 
 
3.6 Experiments and Results: Application of Lateral Shear 
Interferometry to the Study Chromatic Aberration in the 
Tunable Lenses 
Having discussed the general theory of lateral shearing interferometry and how 
certain relevant interferograms could be interpreted, the experimental results 
applying lateral shearing interferometry to study chromatic aberration in the tunable 
hybrid lens and tunable conventional lens shall be presented.  
 
Lateral shear interferometry is useful in measuring longitudinal chromatic aberration, 
a phenomenon that results in light of different wavelengths to focus at slightly 
different distances. Since the distance away from the focal point can be inferred from 
the closeness of fringes or number of fringes captured in an interferogram, chromatic 
aberration can be evaluated by noting the difference in number of fringes which 
appeared in two interferograms obtained when two different wavelengths of light are 
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used while keeping other conditions like amount of shear, aperture size and amount 
of elastic deformation of the PDMS membrane constant. However, this requires 
signal processing instruments that can capture the interferograms in high definition 
and the boundaries of the beams, the overlapping regions and the interferometric 
lines must be precisely identifiable.  
 
Alternatively, the relative positions between the two focal lengths of two colors can be 
measured, since the interferogram at the focus can be easily recognised as the one 
with the widest central fringe as compared to other interferograms captured at 
positions away from the focus.  
 
For this purpose, a typical cyclic interferometer such a triangular-path interferometer 
can be used with collimated light. In this type of interferometer, two coherent light 
beams travel in opposite directions and they would emerge to interfere with each 
other. One advantage of this configuration is its insensitivity to vibration and other 
environmental effects in a controlled laboratory. The stability is required for the 
observation and capturing of the interferograms. Moreover, it is relative easy to 
construct as opposed to other configurations. A schematic is shown in Figure 3.17 
while a photograph of the setup is shown in Figure 3.18. The steps to performing the 
experiment on the tunable hybrid lens and tunable conventional lens are as follow: 
1. Pump in water to completely fill the lens cavity and water channels of a 
tunable hybrid lens device. Ensure no trapped air bubble is present and the 
membrane is as flat as possible before closing the inlet and outlet valves.   
2. Align the optical elements in the setup to ensure that the green laser light hits 
the tunable lens perpendicularly and enters the lateral shear interferometer 
setup collimated. 
3. Adjust the configuration of the cyclic lateral shear interferometer to make sure 
there is appropriate interference of the beams of light. The interferometer can 
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be observed on a diffuser plate that is placed at the light exit of the lateral 
shear interferometer.  
4. One of the plane mirrors in the cyclic lateral shear interferometer is displaced 
in the plane of the beam direction and this will result in a certain amount of 
lateral shear. This shear is adjusted until the fringes in the interferogram are 
well-spaced. 
5. Search the focal spot by moving the collimating lens below the tunable lens 
vertically until the central fringe shows the widest width in the interferogram.  
6. The distance between the tunable lens under test and the collimating lens 
below it is measured. Subtracting that measured value with the focal length of 
the collimating lens, the focal length for green laser, f, is known.  
7. After measuring f, the green laser could be detached from the connecting 
head and be replaced by a red laser through the same connecting head. This 
prevents disturbances to other elements of the optical system, thereby 
minimizing the further introduction of errors to the setup. Once again, the 
focal spot for the red laser is searched for by adjusting the collimating lens till 
the interferogram shows the widest central fringe. The position of the 
collimating lens is noted. 
8. Subsequently, the red laser is replaced by a blue laser. The amount of 
distance needed to move the collimating lens before the new focal spot is 
reached is then noted. The distance separating the focal spots of the red and 
blue laser spots are denoted as Δf. This value serves to quantify the amount 
of chromatic aberration. If there is no chromatic aberration, the focuses of 
both colors will coincide.  
9. To get more sample data, steps 7 and 8 could be repeated a few times. 
10.  When a set of data points is obtained for this configuration, the inlet valve is 
opened and a small amount of water is pumped in to further deform the 
membrane. This essentially shortens the focal length of the tunable lens.  
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11. Repeat steps 5 to 10 to obtain data points at various f values for the tunable 
hybrid lens device. 
12. Repeat steps 1 to 11 to obtain data points at various f values for the tunable 




Figure 3.17: A schematic of the experimental setup that uses a triangular path cyclic 
lateral shear interferometer in the testing of tunable lenses. On the right are three 
interferograms corresponding to the points inside the focus, at the focus and outside 




Figure 3.18: (a) A photograph of the lateral shear experiment setup. (b) A zoom-in 
view on the lateral shear interferometer with a diffuse plate capturing an 
interferogram.  
 
To find out if the fabricated lenses behave as predicted in theory, theoretical curves 
are plotted together with the experiment results for both lenses in a graph as shown 
in Figure 3.19. The theoretical calculations used to obtain the theoretical curves are 
outlined in the section below. 
 
Calculations for the theoretical curve for conventional tunable lens start with the lens 
maker equation, which is given by 
 
𝜙𝜙 =  1
𝑓𝑓
= (𝑛𝑛 − 1) � 1





where R1 and R2 are the radius of curvatures of the front and back of the lens 
respectively while t is the thickness of the lens. 
 
Since R2 for plana-convex lens is infinity and assuming thin lens conditions hold, the 
lens maker equation reduces to 
 
𝑓𝑓 =  𝑅𝑅1




Using the equation, the difference in focal lengths when red and blue lasers are used 
can be expressed as 
 




The values of the refractive indices nw,red and nw,blue are 1.33205 and 1.33910 
respectively. They are obtained by using Sellmeier equation, assuming the ambient 
temperature is 200C. Substituting these values into the equation, the following 
expression is obtained.  
 






Once again, applying Sellmeier equation at the wavelength of a green laser, 0.532 
µm, the value of nw,green is found to be 1.33538. Using that value and substituting Eq. 
(17) to Eq. (19), the theoretical relationship between Δf and f is derived. 
 
𝛥𝛥𝑓𝑓𝑟𝑟𝑜𝑜𝑛𝑛𝑣𝑣𝑑𝑑𝑛𝑛𝑟𝑟𝑖𝑖𝑜𝑜𝑛𝑛𝑟𝑟𝑙𝑙 = 2.10 ×  10−2 𝑓𝑓 
(20) 
 
Subsequently, the theoretical relationship between Δf and f is derived for the tunable 
hybrid lens. Substituting (13) and (17) into (2), the following expression is obtained. 
 
𝑓𝑓ℎ𝑦𝑦𝑦𝑦𝑑𝑑𝑖𝑖𝑑𝑑 =  1𝑛𝑛𝑤𝑤 − 1




For the design of Fresnel lens used in this work, the ratio 𝑅𝑅𝑚𝑚
2
𝑚𝑚
 is a constant. 
 
𝑅𝑅𝑚𝑚




Substituting Eq. (22) and the values of the refractive indices of water at red and blue 
wavelengths into (21), the following relationship between Δfhybrid and fhybrid is obtained. 
 
𝛥𝛥𝑓𝑓ℎ𝑦𝑦𝑦𝑦𝑑𝑑𝑖𝑖𝑑𝑑 =  ��9.901×10−4𝑓𝑓ℎ𝑦𝑦𝑦𝑦𝑑𝑑𝑖𝑖𝑑𝑑 � + (1.386 × 10−5)�−1 −  ��1.011×10−3𝑓𝑓ℎ𝑦𝑦𝑦𝑦𝑑𝑑𝑖𝑖𝑑𝑑 � + (1.931 × 10−5)�−1  
 





Figure 3.19: The results of Δf against f is plotted in this graph.  The theoretical curve 
is superimposed on the experimental results for easy comparison. 
 
 
From Figure 3.19, it is verified that the performance of the tunable lens behaves 
closely to the model which the design of the lens was based on. Both the theoretical 
and experimental results show that the magnitude of the chromatic aberration of the 
tunable hybrid lens is consistently higher than that of the hybrid lens. The positive 
dispersion of the refractive conventional lens is manifested by its positive values of 
(fred – fblue) for the entire operating focal range. In contrast, the hybrid lens shows 
positive dispersion in the lower range of the focal lengths tested while this trend 
reverses at higher focal lengths. This can be explained by the fact that the dispersive 
power of refractive lens dominates over that of the Fresnel lens when the effective 
focal length is short. As the power of the refractive lens decreases, the dispersive 
power of the Fresnel lens dominates instead, hence the reverse in trend. 
Theoretically, the magnitude of the average chromatic aberration remains within 150 
µm for the operating range of 8 to 22 mm, which is much smaller than that of 
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conventional lens. The aberration of conventional lens ranges from approximately 
150 to 450 µm. The smaller the aberration, the smaller the spot size will be. With 
smaller spot size, higher resolution is then possible. Thus, the improvement in 
imaging quality even for a decrease of a few tens of microns in spot size is immense.   
 
3.7 Experiments and Results: Diffraction Efficiency 
Lastly, the diffraction efficiency of the diffractive/refractive hybrid lens has to be 
measured. Diffraction efficiency is the ratio of the power of incident light and the 
power of the light within the central zone of the focussed light spot. The measured 
diffraction efficiencies of red, green and blue light are 88%, 92% and 73% 
respectively. For comparison, the theoretical calculation of diffraction efficiency can 
be calculated by the following equation [60]: 
 
𝜂𝜂(𝑘𝑘) = 𝑑𝑑𝑖𝑖𝑛𝑛𝑟𝑟2 �𝑘𝑘𝑜𝑜
𝑘𝑘
𝑛𝑛2(𝑘𝑘) − 𝑛𝑛1(𝑘𝑘)




Using that equation, the theoretical diffraction efficiency is 98%, 96% and 76%. 
Compared the theoretical values, the measured values are smaller possibly due to 
one or combination of the following reasons. Firstly, there may be partial absorption 
of light by PDMS and water. Secondly, the diamond-tip cutting tool may be slightly 
blunted due to long periods of machining, resulting in the Fresnel lens having 
shadowed regions at the edges of the annular rings. This could also undermine the 
diffraction efficiency. Thirdly, it is possible that the PDMS could have impurities that 
could scatter some of the incoming light. Nevertheless, the diffraction efficiency is 




Diamond cutting combined with multiple cycles of soft lithography has been 
demonstrated to be a reliable, efficient and cost-effective fabrication method to 
produce multiple liquid tunable diffractive/refractive lens replicas from a single PMMA 
master mold. The compact hybrid lens device exhibit good surface qualities and 
optical performances. As compared to a single tunable refractive lens, the designed 
diffractive Fresnel lens was verified to decrease the chromatic aberration of the 
hybrid lens in the visible spectrum over a large effective focal range from 8 to 21 mm. 
The mechanism to achieve the large range of focal lengths is simple and requires no 


















Chapter 4. Liquid Tunable Double Focus Lens 
4.1 Introduction to Multiple Focus Lenses 
Most of the designs of variable focusing lens in the literature only allow the lens to 
have a single focus at a particular configuration. Simultaneously processing 
information from object points with a single lens is not possible, especially if the 
points are displaced far apart from each other. Instead, it requires a change in 
configuration of the lens using various actuation methods discussed in section 3.1. 
Those methods are often cumbersome and require a certain amount of time for 
mechanical displacement of optical components, making it difficult for real-time data 
acquisition. Therefore, it is desirable to reduce information processing time by having 
lenses that are capable of focusing at various points simultaneously.  
 
A double focusing lens remains the most widely researched multi focusing lens. They 
are based on a number of different working principles and fabrication methods. One 
type of double focusing lens which is available commercially is a triplet composed for 
a calcite crystal bi-convex lens sandwiched between two glass bi-concave lenses. 
Due to the birefringence of the calcite lens, it has two different refractive indices 
towards an incident ray, depending on its polarizing state. The double focus lens can 
be designed such that ordinary rays of an incident light pass through without 
refraction while extraordinary rays refract. Combined with the use of a quarter 
wavelength phase plate, the double focusing lens could be integrated into a 
common-path interferometer [61]. This type of interferometer is designed to provide 
increased signal stability in spite of external disturbances such as platform vibration 
and irregular air currents. Such interferometer has been successfully implemented in 
scanning force microscopes [62]. The focuses of the double lens in the system are 
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fixed but by moving the stage which holds the lens, they are brought to coincide with 
the varying surface height of the test samples.  
 
There is another type of double focus lens that is not based on birefringence effect. 
Instead, it works by having a lens surface that has different radiuses of curvatures at 
the central and peripheral regions. As a result, when a beam of light is incident on 
this type of lens, light that falls on the centre of the lens will focus at a different spot 
as the outer ring of light. This type of double focus lens can be integrated in DVD/CD 
pick-up heads whereby the aspherical surfaces of the central and peripheral can 
each be tailored to work best on the different materials that DVDs and CDs are made 
of [63]. Compared to optical systems that use two separate lenses with two 
corresponding objective lenses, the use of a single lens that combines two radiuses 
of curvatures reduces the number of optical components required. In that work, the 
solid PMMA double focus lens is fabricated by diamond turning.  
 
Using a mirror plate and a double lens that is structured similarly to that presented in 
[63], a research team has developed a compact optical system that offers telescopic 
and wide-angle view on a single lens [64]. The switch in views does not require any 
movement of the lens but just a simple opening or closing of a hinged-shutter which 
serves to block or transmit light through the central region. However, it should be 
noted that a permanent magnet has to move between the front and side of the metal-
coated shutter to open and close it. The double lens is fabricated by first end-milling 
a mold on an aluminium workpiece before curing a volume of PDMS within the cavity 
of the mold.  The PDMS which takes on the shape of the mold is the double lens 
device.  
 
Thus far, the double focus lenses that are discussed have fixed focal lengths. In 
many applications, focal lengths have to be brought to different surface heights. 
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Therefore, the stage holds the fixed-focal length lens needs to be dynamically 
moving. In most circumstances, large, complex and expensive electro-mechanical 
systems are required to move the bulky groups of optical components and that 
makes miniaturizing of the system difficult. Because of this, variable focusing double 
lenses with simple actuating mechanisms will has enhanced usability and even 
commercial appeal.  
 
In [65], a liquid tunable double lens is developed. With a simple calibrated syringe 
pump, liquid pressure is applied to deform an elastic PDMS film with different 
thickness at the central and peripheral region. As depicted in Figure 4.1, the thicker 
parts of the film have a larger radius of curvature than the thinner parts of the film. 
The non-uniformity in deformation produces two distinct focuses at different 
distances away from the lens.  
 
 
Figure 4.1: A schematic of a liquid tunable double lens that is based on the varying 
amounts of deformation of a PDMS film with different thickness. 
 
4.2 Calculations and Design of a Liquid Tunable Double Lens 
Having discussed the importance and applications of double focusing lenses, a liquid 
tunable double lens that is fabricated with the use of diamond cutting and soft 
lithography shall be presented. The structure and material used is similar to that of 
the liquid tunable diffractive/refractive hybrid lens discussed in chapter 3 and it is 





Figure 4.2: (a) A diagram that shows the main features of the liquid tunable double 
lens device. (b) The dimensions of the features are given on the diagram. 
 
Next, the calculations that led to the design of the double lens shall be discussed in 
the following section. First, let’s take a look at the general scenario given in Figure 
4.3 which a beam of light passes through a single spherical interface to be brought to 
focus.  
Symbols used in the following figures include: 
n1: refractive index of surrounding medium of the lens 
n2: refractive index of lens material 
So: object distance 
Si: image distance 
R: radius of curvature of lens 
RCL : radius of curvature of central lens of the double lens 





Figure 4.3: The diagram shows the ray paths that pass from the object point to the 
image point via the refractive lens.  
 
Applying Fermat’s Principle which maintains that the optical path lengths from the 












Assuming distilled water is used as the working liquid in the tunable hybrid double 
lens, (24) shall be applied at the air-water and water-PDMS interface sequentially. 
This would allow the effective focal lengths of the central and peripheral regions of 
the device to be derived. Although the derivation ignores the presence of aberrations 
that might be present in the lens device, the derivation gives a reasonably good 





Figure 4.4: The ray paths at the air-water interface of the deformable membrane 

















Figure 4. 7: Ray paths that pass through central and peripheral lenses are depicted 
in this diagram. The symbols used to denote the distances between various points 
are indicated in the figure.  
 
 
In the air-water interface as shown in Figure 4.4, applying the formula given in Eq. 







𝑆𝑆𝑖𝑖1 =  1.33 − 1𝑅𝑅𝑚𝑚𝑑𝑑𝑚𝑚𝑦𝑦𝑑𝑑𝑟𝑟𝑛𝑛𝑑𝑑  
(25) 
 
The resulting image point at this interface then acts as the object point for the PDMS 
lens at the water-PDMS interface, as illustrated in Figure 4.5. Since this double lens 
is a combination of two distinct lens curvatures, they have to be processed 
separately. The calculation involving the central lens shall be discussed first. Taking 
into the account of the deformation of the deformed membrane and clearance of the 
lens cavity, Eq. (24) can be applied again to yield the following, 
 1.33




𝑅𝑅𝑚𝑚𝑑𝑑𝑚𝑚𝑦𝑦𝑑𝑑𝑟𝑟𝑛𝑛𝑑𝑑 =  𝐷𝐷𝑃𝑃𝐶𝐶2 + 4𝐻𝐻228𝐻𝐻2  
(27) 
 
Likewise, the image point of the peripheral lens can be calculated following the same 
methodology by replacing RCL with RPL and H1,CL with H1,PL in Eq.(26).  
 1.33
−�𝑆𝑆𝑖𝑖1 −𝐻𝐻2 −𝐻𝐻1,𝑃𝑃𝐶𝐶� +  1.41𝑆𝑆𝑖𝑖2,𝑃𝑃𝐶𝐶 =  1.41 − 1.33𝑅𝑅𝑃𝑃𝐶𝐶  
(28) 
 
Lastly, considering the exit of the light at the PDMS-air interface, applying Eq. (24) to 





−�𝑆𝑆𝑖𝑖2,𝐶𝐶𝑙𝑙 −  𝐻𝐻 +  𝐻𝐻1,𝐶𝐶𝐶𝐶� + 1𝑆𝑆𝑖𝑖3,𝐶𝐶𝐶𝐶 =  1.41 − 1∞  
(29)                                                                                                               
 
1.41
−�𝑆𝑆𝑖𝑖2,𝑃𝑃𝑙𝑙 −  𝐻𝐻 + 𝐻𝐻1,𝑃𝑃𝐶𝐶� +  1𝑆𝑆𝑖𝑖3,𝑃𝑃𝐶𝐶 =  1.41 − 1∞  
(30) 
 
𝛥𝛥𝑓𝑓 =  𝑆𝑆𝑖𝑖3,𝑃𝑃𝐶𝐶 − 𝑆𝑆𝑖𝑖3,𝐶𝐶𝐶𝐶 
(31) 
 
To demonstrate that combining diamond turning and soft lithography is a viable way 
of fabricating a tunable double-focusing lens suitable, the focal points of the two 
lenses have to be suitably spaced to allow easy verification of its functionality through 
experiments. They cannot be too close to each other as that would make 
identification of the distinct focuses difficult. Neither can they be too far apart due to 
the space limitations on the optical table where experiments are carried out. Thus, 
the difference between the focal lengths of the central and peripheral lenses should 
at least be approximately 15 mm when the membrane is pumped almost to a 
hemispherical shape. In another words, H2 is expected to vary between 0 and ~6 mm.  
 
With these considerations, the dimensions of the designed geometry relevant to the 
calculations outlined earlier are listed below.  
RCL : 3 mm 
RPL : 100 mm 
H1,PL: 280 µm 
H1,CL: 110 µm 
DCL: 2 mm 




A large peripheral lens diameter is necessary to avoid light signal coming through 
that region from being obscured. The width and depth of the water channels remain 
the same as that used in the tunable diffractive/refractive hybrid lens, which is 80 µm. 
This is to ensure the boundary condition of the lens cavity remains as close to 
circular as possible and the deformation of the PDMS film could be spherical.  
 
4.3 Experiments and Results: Focal Lengths Tunability 
Next, the ability of the lens to simultaneously focus at two different points is 
demonstrated. The schematic of the experimental setup is shown in Figure 4.8. A 
beam of collimated light is made incident perpendicularly on the lens device. 
Subsequently, with various volumes of water pumped in to change the curvature of 
the PDMS diaphragm, the various focal points of the central and outer lenses are 
detected with a charge-coupled device (CCD). The distance between the CCD and 
the focusing lens in front of it is fixed at twice the focal length of the focusing lens. 
When locating one of the focal lengths of the lens device, the pair is moved while 
maintaining the same distance apart from each other until a clear bright focal spot is 
captured on the CCD. Noting the position of the CCD, the pair is moved again in 
search of the other focal spot. The 2f distance between the CCD and focusing lens, 
the object-image ratio is 1:1. This allows for easy conversion because the distance 
moved by the pair from one focal spot to the other, d, would be exactly the distance 
separating the two focuses. In addition to noting the distance between the two 
focuses, the actual focal length has to be measure as well. This is done by 
intercepting the ray path between the lens device and the angled mirror below it with 
a thin sheet of paper when the CCD captures the focal spot of the central lens. By 
finding the point which shows the smallest spot on it, the distance between that spot 
and the water-pumped lens is then the focal length, fc. The focal length of the 
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Figure 4.8: A schematic of the experiment setup used measure the focal points of the 
central and peripheral lens. The CCD and the focusing lens before it is moved 
together, while maintaining the distance between them, until CCD captures a distinct 
focal point of either lens on the screen. 
 
 
Because of the design, the difference in focal lengths for the central and peripheral 
lens is in the order of centimetres. It would be difficult to use lateral shear 
interferometry to locate the focal spots at a certain lens configuration due to the 
limitation of the micrometer travel range. The lateral shearing technique would be 
more suitable in locating focal spots spaced apart less than a millimetre apart. 
Therefore, unlike the experiment setup to locate the focal spots of different colour on 
the diffractive/refractive hybrid lens using the lateral shear interferometer, a meter 
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rule that is attached adjacent to the grill the CCD moves along is used to track the 
distance moved by the CCD. The human error that might arise is conceivably greater. 
Nevertheless, it is within reasonable range considering the focuses are spaced rather 
wide apart.  
 
In summary, the order which the experiment is carried out is summarized below. 
1. Inject water until lens cavity is fully filled while keeping PDMS film as flat as 
possible. 
2. Move CCD and focusing lens together to search for central lens focus. 
Measure fc and note position of CCD from rule. 
3. Move CCD and focusing lens together to search for peripheral lens focus. 
Note new position of CCD on rule and calculate d. 
4. fp = fc + d 





Figure 4.9: At the top is a ray diagram for the double lens. Images captured by the 
CCD are shown below it. (a) and (b) are images corresponding to planes a’ and b’ 
respectively, as indicated in the ray diagram. At even greater deformation of the 





Figure 4. 10: Experimental results demonstrating the central and peripheral lenses’ 
tunability are superimposed on the simulation results.  
 
Figure 4.9 shows a ray diagram of a tunable double lens. It can be seen that at plane 
a’ where the focus of the central lens is, the focal spot will be surrounded by a ring of 
light which is contributed by light that passed through the peripheral lens. This is 
captured by the CCD as shown in Figure 4.9(a). In contrast, further away from the 
lens device, the focus of the peripheral lens is within the cone of light belongs to the 
central lens. But since the light from the central lens must have attenuated at such a 
big distance from the lens device, the intensity is comparatively much lower than that 
of the focal spot of the peripheral lens. Thus, it is expected that a bright focal spot will 
be observed within a dim disk of light in plane b’.  Again, this is verified by Figure 
4.9(b) although the disk of light could be difficult to observe due to its low intensity.  
 
When additional water is pumped in to decrease the radius of curvature of the PDMS 
film, the focal lengths of the central and peripheral lens are decreased and closer to 
each other. This is evident in the graph shown in Figure 4. 10. Because of this effect, 
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the smaller ring of light surrounding the focal spot at plane a’ is intensified and this is 
manifested in Figure 4.9(d). However, the extremely dim disk of light which the focus 
of the peripheral lens lies in is still difficult to identify in Figure 4.9(c).  
 
Figure 4. 10 is a graph that summarizes the experimental results of the tunability of 
the double lens.  The focal lengths of the outer and central lens are able to be tuned 
from 174 mm to 36 mm and 29 mm to 23 mm respectively. This means the difference 
in focal lengths between the two lenses can be varied from 145 mm to 13 mm.  
 
Simulation results using a ray-tracing program known as ZEMAX is superimposed on 
the experimental data. The designed dimensions associated with the lens device and 
the optical properties of the materials that made up the lens are keyed into the 
program to derive the simulation results. The proximity between the two is strong 
evidence that the combination of diamond turning and soft lithography is capable of 





Figure 4.11: Lateral shear interferometer used to demonstrate the focal length 
difference between the central and peripheral lens.  
 
 
To have a better idea of the characteristics of the wavefront, lateral shear 
interferograms of the double lens at a point close to the focal length of the central 
lens is shown in Figure 4.11. It can be clearly observed that the density of fringes of 
the peripheral regions is greater than that at the central region. This corresponds to 
the fact that the position where the interferogram is obtained is closer to the focus of 







Figure 4.12: (a) A surface profile of the double lens is obtained with a mechanical tip 
profiler. (b) Zooming in, it is clear that the boundary which the two lenses meet is 
clearly defined. (c) A comparison of the profiles of a PMMA mould and a PDMS lens 
device shows that soft lithography is a reliable replication process.  
 
Because the diameter of the double focus lens is 12mm, it is too large to be captured 
by the white light interferometer. Instead, the lens profile of the diamond turned 
structure is measured by using Taylor Hobson Form Talysurf contact profilometer 
and the results are shown in Figure 4.12. It is apparent in the plot that the surface of 
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the double lens is smooth and the dimensions adhere closely to designed values. In 
addition, the boundary where the central and outer lenses meet is clearly defined, 
despite the large differences in curvatures. This is something that is difficult to realize 
with those more common methods such as grey scale photolithography or thermal 
reflow techniques.  
 
Taking a step further, the profiles of the diamond turned PMMA mould and the PDMS 
lens device obtained after two cycles of soft lithography are compared. Because raw 
data is not able to be exported from Taylor Hobson for further processing, a Mitutoyo 
Form Tracer CS5000 is used instead. The profiles of the PMMA mould and PMDS 
lens device are measured and superimposed on the same graph for easy 
comparison. From Figure 4.12 (c) it is apparent that the two profiles are highly similar, 
other than a portion of the peripheral regions the deviation from the profile of the 
mould is more significant. However, that would not affect the experimental results 
because the aperture used limits the working area to be approximately within 8 mm 
diameter where the profile follows the designed values very closely. Thus, it is 
verified that the two cycles of soft lithography will not compromise the profile and 
optical performance of the PDMS lens device. In fact, the rapid prototyping technique 
is a reliable fabrication method of reducing the effective cost and time of fabrication 





Chapter 5. Liquid Tunable Lens to Minimize Spherical 
Aberration 
5.1 Introduction to Spherical Aberration 
First order optics is mathematically simple to process and it would be useful tool to 
get a quick assessment of how an optical system would behave. However, as 
compared to first order optics, higher order optics provides a better approximation to 
an optical system and it would be an indispensable tool when developing better 
imaging systems. The difference between first order optics and higher order optics is 
that the former typically assumes that the emerging wavefront segment from the 
paraxial rays is perfectly spherical. This does not hold true when the periphery of an 
imaging lens is taken into account.  
 
Usually, third order optics is sufficiently capable of handling the most commonly 
encountered aberrations, referred to as Seidel aberrations. They include spherical 
aberrations, coma, astigmatism, distortion and curvature of field. Unlike chromatic 
aberration, these Seidel aberrations occur even when monochromatic illumination is 
used. Different Seidel aberrations result in different forms of imaging imperfections 
but in this section, the focus will be on spherical aberration.  
 
Spherical aberration refers to the phenomenon that occurs when peripheral optical 
rays that make large angles with respect to the optical axis of the imaging lens have 
focal lengths that differ from the paraxial rays. This is illustrated in Figure 5.1. 
Spherical aberration is present even if the lens is a perfect sphere. It will be less 
apparent if an aperture is small enough to just allow paraxial rays to pass through the 
system. However, by blocking out light from the peripheral regions, the image formed 





Figure 5.1: The central rays focus at different points from peripheral rays. 
 
The most common and conventional way of achieving that is through proper lens 
design. For a certain focal length, the radius of curvatures of the front and back 
surfaces of a lens can be varied. Different combinations of the radius of curvatures 
can result in varying spherical aberration. Computer simulations and ray tracing 
programs could help determine the lens design that gives minimal spherical 
aberration. Alternatively, aspherical lenses could be designed to bring the peripheral 
rays to the same focal spot as the paraxial rays. However, since aspherical lenses 
are more difficult to produce, they are generally more expensive than lenses that 
consist of spherical surfaces.  
 
In the published literature, there are a number of relatively less common ways that 
have been developed to reduce spherical aberrations. Through the use of transfer 
functions computations, it has been demonstrated that annular apertures could be 
designed to reduce spherical aberrations [66]. As annular apertures tend to block out 
a large portion of the light, a variation of annular apertures known as annular 
apodizers was proposed [67]. Instead of having an opaque central region, apodizers 
use shade masks that partially blocks out light instead. Using similar transfer function 
computation techniques and computer simulations, these apodizers also show that 
they are capable of reducing spherical aberrations. Apart from these, a research 
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team that published a work about the design of diffractive/refractive hybrid lens 
revealed another way to counter spherical aberration. In that work, the diffractive lens 
was holographically recorded by interfering two spherical wavefronts. With proper 
selection of the radiuses of curvatures of those two spherical wavefronts, it is 
possible to reduce spherical aberration [68].  
 
Since spherical aberration is essentially the result of a non-spherical wavefront that 
could not produce a perfect image point, theoretically, it can be minimized by 
correcting the imperfect wavefront. The modification of wavefront could be achieved 
by passing the wavefront through a certain medium with a carefully crafted topology 
of varying surface height. As the incoming light passes through it, different segments 
of the light will experience different phase delays due to the varying thickness. As a 
result, the parts of wavefront that deviated from spherical shape will be eventually 
corrected. Thus, it should be apparent that the surface profile required to correct a 
wavefront depends on the wavefront itself. Generally, aspherical lenses have been 
commonly used to correct spherical aberration [69].  
 
Bulk aspherical lens are usually given smooth surface finish by grinding, lapping and 
polishing on a CNC machine. These systems usually incorporate computer 
algorithms that can take surface profile measurements locally before performing 
corrective grinding and lapping in cycles until a satisfactory surface is obtained. 
Because grinding could easily result in surface cracks if not well controlled, there are 
different types of grinding developed to suit the needs of different kinds of materials 
and lenses. They include diamond grinding, ductile grinding and semi-ductile grinding 
[70]. These methods may not work as well with small lenses due to little contact 
surface. Thus, ultra precision diamond turning would be a much better option to 
fabricate miniature lenses as they generally produce good surface quality that does 
not require further polishing. 
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5.2 Design of Aspherical Surface to Minimize Spherical 
Aberration 
Referring to Figure 3.16, it is known that spherical aberration is present if rings and 
lobes appear in the lateral shear interferograms obtained instead of straight lines. 
Looking at the inset interferograms of Figure 3.17, spherical aberration is clearly 
present in the liquid tunable lens device. The deformation of the PDMS film is likely to 
have played a large part in causing the spherical aberration.  
 
Thus, in this work, an aspherical surface that serves to cancel the spherical 
aberration caused by a liquid tunable conventional spherical lens is developed. 
Although it is reasonable to assume that the PDMS film deforms spherically due to 
the uniform liquid pressure applies, the boundary condition, which is a result of the 
film being bonded to the slab, makes it non-spherical near the boundary. At the 
circumference, the boundary condition resembles a clamped boundary condition. 
Therefore, instead of being at the angle that is tangential to the spherical deformation, 
the film is horizontal at the immediate vicinity of the boundary. This implies that 
despite the uniform liquid pressure, the deformation of the PDMS film deviates from a 
spherical shape near the boundary. Typically, the spherical shape occupies about 70 







Figure 5.2: The spherical deformation of the PDMS film occupies about 70 to 80% 
across its diameter.  
 
 
The designed aspherical lens profile works best at a certain focal length of the liquid 
lens. At focal length shorter than the designed value, the spherical aberration could 
only be partially compensated. On the other hand, the resulting spherical aberration 
of the tunable aspherical lens is greater than that of the conventional lens at focal 
lengths longer than the designed values. Qualitative speaking, the spherical lens 
itself has a fixed spherical aberration that is opposite in sign to that of the PDMS film. 
At small focal lengths, the spherical aberration of the PDMS film is large and is 
partially cancelled by the aspherical lens. At the design focal length, the magnitude of 
the spherical aberration of the PDMS film and the aspherical lens is equal. Thus, they 
cancelled out exactly. As the focal length reduces further, the spherical aberration of 
the PDMS film is very small but the aspherical lens still contributes a fixed aberration 
to the lens device. Hence, there is a detectable deterioration in optical performance 
at this focal range. Figure 5.3 gives a graphical comparison of an uncorrected and 






Figure 5.3: (a) A conventional tunable lens has spherical aberration that is mainly 
contributed by the spherical deformation of the PDMS film.  (b) The aspherical lens 




Figure 5.4: (a) A single aspheric lens profile that can be described as a polynomial 
superimposed on a spherical shape. (b) The profile required for the device in this 
work is simply a polynomial as the deformable PDMS film serves as the spherical 
shape. 
 
Having given a qualitative description of the working principles of the tunable 
aspherical lens device, the method to calculate the aspherical lens profile will be 
described.  
 
The standard equation of an aspherical lens is given as follows: 
 
𝑦𝑦(𝛿𝛿) = 𝐶𝐶1𝛿𝛿21 + �1 + 𝐶𝐶2𝛿𝛿2 + �𝑁𝑁𝑛𝑛𝛿𝛿2𝑛𝑛∞0  
(32) 
 
The equation gives a single profile that is essentially a polynomial profile (described 
by the summation term) superimposed on a spherical one (described by the first 
term), as illustrated in Figure 5.4(a). The equation has to be modified to be applicable 
to our device because instead of a single aspheric, the tunable lens device is 
separated into a spherical PDMS film deformation and a polynomial profile at the 
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bottom surface of the lens cavity. For comparison, the aspherical surface required is 
given in Figure 5.4(b). Because of this, C1 is set to be zero. Ignoring the higher order 
terms that are insignificantly small, the modified equation required is given as follows. 
 
𝑦𝑦(𝛿𝛿) = 𝑁𝑁𝑜𝑜 + 𝑁𝑁1𝛿𝛿2 + 𝑁𝑁2𝛿𝛿4 + 𝑁𝑁3𝛿𝛿6 
(33) 
 
Based on the geometry and material properties of the lens device, a commercially 
available ray tracing software package, ZEMAXTM, is able to calculate the optimised 
aspherical lens profile that is required. The fixed parameters that have to be entered 
into a ray tracing program are listed below. 
 
• Material and refractive index of lens device: PDMS (1.41) and distilled water 
(1.33) 
• Thickness of PDMS below the lens cavity: 5 mm 
• Height of lens cavity: 150.7 µm 
• Diameter of lens cavity: 10 mm 
• Design focal length: 20 mm 
 
Using iteration method, the ray tracing program finds the optimized coefficient A1 
while the other coefficients are initially set to arbitrary values. When the optimized A1 
is calculated, the calculation is repeated for A2 and so on until the complete 
polynomial is calculated. The final equation that is derived is given as follows. 
 





Diamond turning is used to produce this lens profile on PMMA and the similar 
fabrication process used for earlier devices is again utilized to fabricate this tunable 
aspherical lens. Next, the experimental results will be presented.  
 
5.3 Experiments and Results: Spherical Aberration  
 
Figure 5.5: A photograph and a schematic of the experimental setup used to test the 
tunable aspherical lens. 
 
In the previous chapters, a cyclic lateral shear interferometer is used to test the 
tunable lens devices that have 5mm diameter. However, it is found that it is not as 
easy to observe the fringes of the shear interferogram of a 5mm aspherical lens. 
Thus, the diameter of this aspherical lens is made to be 10mm. This results in the 
interferogram to be too big to be captured by the mirrors used to build the cyclic 
lateral shear interferometer. To overcome this problem, an off-the-shelf lateral shear 
plate with a large working area is used instead. The working principles of the shear 
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plate, as well as the interpretation of the interferograms obtained are similar to that of 
the cyclic shear interferometer. A photograph and a schematic of the experimental 
setup are shown in Figure 5.5. 
 
The interferograms captured at different working focal lengths are shown in Figure 
5.6. It can be observed that the fringes of the interferograms are comparatively 
straight at focal lengths of 24mm and 23 mm. As the focal length of the lens devices 
decreases, the lobes become increasingly obvious. The central fringes of the 
interferogram are also increasingly curved. These observations verified that the 
aspherical lens has significantly reduced spherical aberration at focal lengths of 
approximately 23 mm while the aberration compensation was not as complete at 
shorter wavelengths. This agrees well with the optical model which the design of the 
lens is based on.  
 
 




Chapter 6. Liquid Tunable Toroidal Lens 
6.1 Introduction to Depth of focus  
Based on different criteria use to resolve image points, depth of focus (DOF) can be 
defined differently. Using Rayleigh’s criterion, two image points are considered 
resolvable if the highest intensity of light between them remains below 8 𝜋𝜋2⁄  of the 
maximum intensity found at the center of the airy disk of each spot. If Sparrow 
condition is used instead, the closest that two resolvable image point can come to 
each other is when the resulting intensity between them is not higher than the 
maximum intensity of their airy disks. Despite the different definitions, DOF of a lens 
can be loosely understood as the traverse range which an image remains clear. 
Conventional lenses often have to trade off DOF for a higher resolution or vice versa. 
The higher the resolution, the smaller the minimum resolvable feature size and the 
bigger the required numerical aperture. On the other hand, a higher DOF will require 
a smaller numerical aperture and hence the trade off.  
 
There are a number of ways to overcome this problem. Axicons which are known to 
be capable of produce non-diffracting beams that could propagate in free space for 
long distances without significant attenuation [71]. Because this beam of light is very 
narrow, the DOF and resolution are very much enhanced too. One shortcoming of 
axicons is they have low light efficiency. Secondly, it is generally difficult to fabricate 
axicons, which can be conical or logarithm in shape, using standard fabrication 
methods.  
 
Similarly, computer generated holograms capable of producing pseudo non-
diffracting Bessel beams are capable of increasing DOF [72]. However, they are 
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susceptible to chromatic aberration as their performance is sensitive to the 
wavelength of the light source. 
 
Annular apertures and annular lenses have also been reported to be able to extend 
the DOF. However, they suffer from low optical power and decreased contrast at the 
edges of the images due to brighter outer diffraction rings [73]. Optical apodizers that 
have multiple rings spaced apart at π phase variations to increase the focal depths 
have also been reported. However, like annular apertures, the rings which obstruct 
portion of the illumination often results in decreased transverse resolution and low 
optical power [74].  
 
There are also works that exploited the Sparrow condition for resolving image points 
to enhance focal depth by constructing a quasi-bifocus lens. The lens has two 
different focuses at close proximity on the same optical axis. Because they are 
positioned so close together, the two are practically non-resolvable. Therefore, the 
lens is termed as a quasi-bifocus lens. By having two non-resolvable focuses on the 
same optical axis, it would appear as if the DOF is increased [75].     
 
High DOF is important for many industries and research studies. For instance, 
biologist who needs to study mobile micro-organisms often face the problem of poor 
imaging qualities because the mobile objects are constantly moving in and out of 
focus. A microscope with extended DOF could allow a certain amount of mobility 
while preserving imaging clarity. In optical data storage applications, focal spots are 
continually becoming smaller as bigger numerical aperture are needed to achieve 
higher storage density, As a result, the DOF is also continually being compromised. 
A short DOF leads to greater difficulty in tracking data. Similarly, the quality of 
lithography could be compromised when the DOF limits the smallest feature size that 
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can be fabricated accurately. Thus, it is pertinent to find methods to keep a sufficient 
DOF for various applications.  
 
6.2 Design of Diffractive Toroidal Lens  
In this work, the working principle of the toroidal lens device is somewhat similar to 
the quasi-bifocus lens. Instead of having two focuses along the same optical axis, the 
toroidal lens focuses to a ring. If the diameter of the ring is brought to within the 
Rayleigh’s limit, it will appear to be a focal spot since the separation will be optically 
unresolvable. The design of this toroidal lens is modified from the Fresnel lens design 
discussed earlier in chapter 3. The focusing capabilities are provided by those blazed 
annular rings for maximum efficiency and compactness. The diameter of the ring of 
focus, regardless if it is resolvable or not, is determined by the distance the original 
optical axis of Fresnel lens is offset from the center. A comparison between a toroidal 
lens and a Fresnel lens is shown in Figure 6.1. 
 
 
Figure 6.1: The toroidal lens is a Fresnel lens with an off-centred optical axis. 




Maximum diameter of the ring before it becomes resolvable = 1.22 𝑘𝑘 𝑁𝑁𝑁𝑁⁄  
                       ≈ 1.22 𝑓𝑓𝑘𝑘 𝐷𝐷⁄  
 
Where f is the focal length, D is the diameter of the lens aperture. 
Referring to the design parameters used for Fresnel lens as described in chapter 3, 
f = 15 mm 
λ = 0.5892 µm 
D = 4 mm  
 
 Max. diameter = (1.22 × 15 × 0.5892) 4⁄  
   = 2.696 µm 
 
Since the focal length, f, is variable, the above value is used could only be used to 
gauge the range which the optical axis of the toroidal lens should be separated. 
Moreover, the slope at the central region of the Fresnel lens is so gentle that it is 
horizontal for a few microns. Therefore, the separation of the optical axis might need 
to be greater than the calculated value before the focal ring could be detectable. 
Based on these reasons, a toroidal lens with its optical axis separated by a distance 









6.2 Experiments and Results: Measurement of Spot Sizes 
 
 




Figure 6.3: The representative light spots outside focus, at focus and inside focus of 





Figure 6.4: Intensity map of a spot image captured by the CCD. The corresponding 




Figure 6.5: Graph shows the variation of spot sizes of the normal and toroidal lenses 
along the horizontal which the CCD traversed. Both the vertical and horizontal axis 





Figure 6.6: Extending the polynomial lines derived from the experimental results, it 
can be seen that the spot sizes of the normal lens are much bigger than that of 
toroidal lens at positions away from the minimum beam waist.  
 
Figure 6.2 is a schematic of the experiment setup used to test the toroidal lens. It is 
similar to the one used to test the double focusing lens. The CCD is placed at a 
distance that is twice the focal length of the focusing lens before it to obtain a 1:1 
image ratio. By moving horizontally, the CCD captures the light spots at various 
positions near the vicinity of the focus, from 2 mm before the focus to 2 mm after the 
focus. Each image is captured at 100 µm intervals.  
 
Figure 6.3 shows representative CCD images of the light spots of the conventional 
lens and toroidal lens at three positions, namely 2 mm before reaching the focus, at 
the focus and 2mm away from the focus. The relative spot sizes are unchanged and 
it is clear that the light spots that are far from the focus are very much larger than at 
the focus for both lenses. Based on the captured grey scale images as shown in 
Figure 6.4, the spot size of each image is easily obtained. Tabulating the spot sizes 
of all the images captured, the change in sizes of the light spots along the 4 mm 
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traversed is computed. As a comparison, the change in spot sizes for a conventional 
tunable lens is tested with the same methodology as well.  
 
The graph that summarizes the results of the spot size variances is shown in Figure 
6.5. Two-degree polynomials are used to approximate the trend in the data sets for 
both lenses. As compared to the curve of the normal lens, the slope of the toroidal 
lens is clearly gentler. At the region near the minimum beam waist, the diameters of 
the focus spots of toroidal lens are generally larger than that of the normal lens. 
However, if the polynomials are extended to regions further away from the beam 
waist as shown in Figure 6.6, it can be seen that the diameters of the focus spots of 
the normal lens at those regions are much greater than that of toroidal lens. Thus, 
the slight decrease in resolution near the beam waist when toroidal lens is used is a 
worthwhile trade off for an increase in depth of focus and superior resolution at 
regions away from the beam waist. With reference to the schematic shown in Figure 
6.1, the experimental results verified that toroidal lens indeed is capable of exhibiting 
extended depth of focus. 
 
 
The graph shown in Figure 6.5 displayed a large variation within the data points. This 
could be caused by the bright outer rings that interfered with the central maximum 
spots. Therefore, modifications may have to be made to the experimental setup to 
avoid that. In addition, the design could be further improved and optimized by varying 
the separation of optical axes of the toroidal lens. The design of the current toroidal 
lens did not take into the account of the various aberrations present in the liquid 
toroidal lens, such as spherical aberration. Therefore, Rayleigh’s condition might not 
be sufficient for the optimization of the geometry of the toroidal lens. Upon optimizing 
the separation of the optical axes of the toroidal lens, the curvature of the polynomial 
graph in Figure 6.6 will be much smaller. This would imply that the beam diameter of 
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the toroidal lens will stay small for a longer distance, giving a further increase in 






































Chapter 7. Conclusion and Future Work  
 
7.1 Conclusion 
• Combining ultra-precision single point diamond turning and soft lithography, 
various types of liquid tunable lenses have been successfully fabricated and 
tested. This fabrication process allows the fabrication of 3-D optical 
components that have a wide range of aspect ratios and order of dimensions, 
while preserving the excellent surface quality required of optical components. 
This is something that is difficult to achieve with lithography and etching 
techniques. 
• The fabricated liquid tunable diffractive/refractive hybrid lens is able to 
minimize chromatic aberration within the visible spectrum, while achieving a 
high tunability of approximately 20 mm. 
• A liquid tunable double-focusing lens was fabricated. As it could focus to two 
different depths simultaneously, it could be used to increase the speed which 
data could be retrieved or recorded optically.  
• A liquid tunable aspherical lens that can reduce spherical aberration further 
demonstrates the versatility of diamond turning in producing rotationally 
symmetrical 3-D surface relief for optical purposes.  
• A liquid tunable toroidal lens has been fabricated and experimentally verified 
to be capable of extending the depth of focus. 
• Characterisation of the optical surfaces using white light interferometry, AFM 
and mechanical profiler has been carried out. Results show that the surface 
quality of the PMMA mold and the PDMS lens device are excellent and 
suitable for optical usage. 
• Soft lithography, being a rapid prototyping process, has been shown to be 
useful in decreasing the average time and cost of fabricating a liquid tunable 
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lens device. The advantages of combining soft lithography with diamond 
turning have been clearly demonstrated through the ease of replicating 
multiple optical components from a single diamond-turned mold with high 
reliability. 
 
7.2 Future Work 
In the future, it is possible to build on this work to fabricate further improved optical 
components using the fabrication process developed. For instance, currently, the 
diffractive/refractive hybrid lens displayed significant spherical aberration despite 
being able to cancel chromatic aberration. Likewise, the aspherical lens is only able 
to improve on the spherical aberration but not chromatic aberration. Thus, future 
work could be done on fabricating a single aspherical diffractive lens profile to 
simultaneously reduce chromatic and spherical aberration. This would no doubt 
enhance the versatility and functionality of the lenses.  
 
More extensive experimentation with the diffractive toroidal lens could also be 
performed. In addition to fabricating toroidal lens that focuses to an unresolvable to 
achieve extended DOF, as was done in this work, toroidal lenses that have much 
larger separation in optical axes could be experimented as well. Since this kind of 
lens could produce an optical effect that is similar to an annular aperture which has 
been extensively studied to show promising abilities to reduce spherical aberration 
and extend DOF, it is possible that the toroidal lens could have these benefits. Apart 
from those benefits, the blazed diffractive surfaces of the toroidal lens enabled high 
efficiency and the entire beam of incoming light could be utilized. Therefore, it is also 
possible that these toroidal lenses will be able to avoid the well known problems 
brought on by annular apertures such as poor light efficiency. Due to the unique 
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transfer function associated with the diffractive toroidal lens, it might be useful for 
special optical purposes such as being able to give edges of images enhanced clarity.  
 
Lastly, a more comprehensive study on the relationship between the resolution and 
depth of focus of toroidal lenses could be carried out. An addition of a quantitative 
analysis would complement the qualitative observation of the general characteristics 
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